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ARTICLES

SYNTHESIS OF A SYSTEM OF LOCAL AUTOMATIC REGULATORS
FOR POWER REACTORS

I. Ya. Emel'yanov, L. N. Podlazov, UDC 621.039.515
A. N. Aleksakov, E. V. Nikolaev,
V. M. Panin, and V. D. Rogova

The reliability of operation of the reactors of powerful nuclear power plant units has
been determined to a significant extent by successes in the solutions of a number of new
problems of controlling such reactors in connection with three-dimensional dynamic instabili-
ty of the energy distribution in the active zone volume which is characteristic of them [1].
An important practical step in the solution of these problems is the creation and introduc-
tion of an automatic system for control of reactor power which is capable of simultaneously
suppressing the most rapid distortions in the energy distribution. The main stages in the
realization of such a system, which is called a system of local automatic regulators (LAR),
have been described in [2]. An engineering procedure is proposed in this paper for the syn-
thesis of such systems. The procedure is comprised of a process of computational justifica=-
tion of the LAR system and is a self-consistent and important result of the research, together
with the practical realization and introduction of this system in nuclear power plants with
high-power water-cooled channel reactors (RBMK).

The principle of zonal regulation [3, 4] has been adopted as the basis in connection
with the creation of an LAR system. It consists of an arbitrary division of the entire ac-
tive zone of the reactor into a certain number of sections, each of them being equipped with
detectors which measure the power of the section, and of the suppression of deviations of
the instantaneous value of its power from a specified value due to displacement of a rod in
the section in question. It is evident that this principle determines the overall approach
to the construction of an LAR, but it does not permit adopting rational specific engineering
solutions.

Taking account of the high requirements on response speed and reliability which are im-
posed on a system for control of the total power and primary stabilization of the field, one
can formulate the problem of an engineering synthesis of such a system in general form as
follows: It is necessary to create a system with a specified effectiveness using only the
minimum necessary number of elements. The following meaning is included in the concept of
specified effectiveness:

1. When operating a reactor at a steady power level and with slow planned variations
of it under conditions of actual external perturbations, it is necessary to suppress, prac-
tically without dynamic errors, zeroth-order deviations of the amplitudes of a specified set
of the lowest harmonics of the energy distribution. This set contains the proper number of
first harmonics so that the characteristic values of the rise time of the amplitude of the
"residual" motion, whose suppression does not enter into the system functions, is no less
than several hours. One can satisfy this requirement only approximately in an actual LAR
system with a limited number of rods and detectors, but as has been shown above, to an ac-
curacy adequate for practical purposes.

2. With the help of compensating rods a system should provide for automatic urgent,
power reduction according to a specified program and stabilize the operating conditions at
a new specified level during at least several minutes without operator participation in all
situations specified in what has been enumerated.

The procedure under discussion for the synthesis of an LAR system includes two main
stages. In the first stage the operation of LAR has been discussed in a steady regime from
the standpoint of the quality of the suppression of perturbations of arbitrary form, and the
characteristic timé of the natural, motion of the energy distribution with an operating LAR

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 301-305, November, 1982. Original
article submitted December 12, 1981.
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system and the most unfavorable combinations of reactivity coefficients has been determined.
The second stage is associated with providing the necessary effectiveness of this system
under conditions of an urgent power reduction.

A linearized model of the three-dimensional dynamics of an RBMK is sufficient for the
first stage:

[(M2A24 ) /B — W ()] @ (r, 8)+ Do (r) (W () @(r, &)+ F (T, 9) +kp (r, 5)]=0,

where, in addition to the generally adopted notation, W.(s) is an operator which describes
the dynamics of the yield of delayed neutrons; Wp f,] (s), power feedback loop operator;
ky(r, s), regulating influence; and kp(r, s), perturbation.

This equation has been solved for a two-dimensional circular reactor in the form of a
Galerkin series [5]. For the LAR system under discussion, a realistic algorithm of the opera-
tion of the LAR loops with relay regulators has been taken into account in the calculations:

P
e (v, )= 2 pui (8) 8 (r—

dly, (8)/dt == Uy, () Vas

m
1 when D) Cp@ (vps, t) << —¢;
) . .

U, @)=
v () 0 when —e<{id<s;

—1 when id. >,
where pp; Ik(t); ry; Vi are the "weight," submersion depth, location, and displacement rate

of the k-th rod, respectively; r7y, ''weight' coefficients; and ¢, width of the insensitivity
zone.

A measure of the deformation of the energy distribution is the dispersion

n n

p=femna=3 {0 @vmra=3 o,

S i=1 8 i=1

where wi(r) are orthonormalized and orthogonal coordinate functions and @i(t) are their am-
plitudes.

The chief problem of the first stage of synthesis of an LAR system is the investigation
of the reaction of the system to a perturbation of universal form:

=3 w010,
1

iz

i.e., a stepwise perturbation in time with unit amplitude of all the harmonics which partici-
pate in the solution. Along with the dispersion it is taken into account how strongly, for

1

Re Y sec”
/(7 2 ‘
Fig. 1. Dependence of the real part of the roots of the
T g characteristic equation on the total "rapid" effect of the
_______,__———’L”” reactivity wrq (the reactivity coefficient with respect to
- :—”<f;——— the graphite temperature is%gr = 0.012); ——) real root;
Le—*"" 70t ._<?_—-— ®) real part of the complex root;O) multiple root; 1) fun-
e ::;_*51___ damental harmonic; 2, 3, 5) first, second, and third azi-
:’l*~\\1zi— 4 muthal harmonics, respectively; and 4) first radial har-
5 monic.
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Fig. 2. Optimization of the placement of
LAR rods: a) "spectra" of the amplitudes
of harmonics arranged in order of increasing
eigenvalues without and with an LAR sys-
tem for various placement radii of the
peripheral LAR rods; b) dependence of the
measure P on placement radii of the peri-
pheral LAR rods upon variation of R,:

1) R, = 0.5; 2) R, = 0.7.

a specified amplitude, it is necessary to shift the rods for its suppression. The measure
P
P(t)= 2} AlE(2)
K=t

is introduced as a quantitative characteristic of the rod displacements.

The initial instant for LAR synthesis is a known position, which indicates that for
practically instantaneous suppression of the deviations specified by some fixed number of
lowest harmonics it is necessary to have an equal number of rods. The number of lowest har—
monics subject to suppression has been determined from an analysis of the three-dimensional
dynamics of an RBMK performed by the harmonic method. The basis for this choice are the de-
pendences of the roots of the characteristic equation for several first harmonics on the re-
activity coefficients with respect to fuel temperature, vapor content, and graphite tempera-
ture, which have the strongest effect on the three-dimensional dynamics of an RBMK [6]. A
portion of these dependences is given in Fig. 1. It is sufficient, in practice, to increase
the development period of the "residual" distortion to several hours (1/Rey; =10* sec). With
this taken into account it follows from Fig. 1 that it is necessary to stabilize the first
seven harmonics in an RBMK, i.e., to include no less than seven rods in the LAR system.
Taking into account the '"geometry" of the first seven harmonics, one should distribute these
rods centrally and symmetrically — one in the center and six around the periphery of the re-
actor. It is further necessary to determine the most effective radius for the placement of
the peripheral rods. 1In solving this problem, it is not advisable to take account of the
detector placement, since variations in their placement affect the result, and the problem
of simultaneous determination of the optimal position of both the rods and the detectors is
a cumbersome one. The first position adopted as the initial one in the synthesis of LAR
avoiding these difficulties: The LAR should maintain the amplitudes of the first seven har-
monics equal to zero practically instantaneously without dynamic error. To do this it is
sufficient to "secure' the field determined by superposition of the first seven harmonics at
seven points of the plan view of the reactor. This is formally expressed in a change in the

. m
method of formation of the imbalance signal, namely, instead of 2 Cuo (r, b)) we adopt
=1 -
2 ®; (t)y; (r,) for each LAR.
iz

A perturbation which is stepwise in the time is introduced in the calculations. The
reading of D and P for determination of the optimal placement radius of the peripheral rods

749 .
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Fig. 3. Optimization of placement of the LAR
detectors: a) dependence of the dispersion
on the distance of the detectors from the rods;
b) transitional processes upon a changeover of
the neutron power of the reactor () from 100
to 80% by .an LAR system: 1) a>0.2Roj 2) a =
0.15Ro; 3) a = 0.075Re); c¢) suppression of a
perturbation caused by shifting a manual re-
gulation rod; the shifts (m) of the perturbing
rod and the LAR rods in suppresing the pertur-
bation are indicated by numbers; (*) place at
which the perturbation is introduced; @) LAR
rod, A) LAR detector). :

starts at the time at which the last of the LAR imbalances enter the limits of the insensi-
tivity zone (e = 0.01) and the relay LAR, having suppressed the initial perturbation in one
insertion, enter the grazing regime. The results of calculations for different placement
radii of the peripheral LAR rods (R) and plateau zone radii (R,) are given in Fig. 2. It
follows from Fig. 2a, in which are illustrated the "spectra" of the harmonic amplitudes

(82) arranged in order of increasing eigenvalues (i), upon an initial perturbation and after
its suppression by the LAR system, that the amplitudes of the first seven harmonics practical-
ly vanish for wide variations of R. The differences in the dispersion for different R are
associated with deformations of the field in the higher harmonics, which are not suppressed
and can even increase upon suppression of the perturbation by the LAR rods. The more signifi-
cant this amplification is, the greater is the necessity to shift the rods in connection with
suppression of the perturbations. In addition, for relay LAR the rod displacement and the
time to suppress a perturbation are proportionally related. According to these ideas, the
condition min P has been taken as the basis of optimization of R. The P(R) dependence is
given in Fig. 2b, from which it follows that the optimal R depends on the dimensions of the
plateau zone. In practice Ry= (0.7-0.8)Ro (Ro is the extrapolated reactor radius); there-
fore, the rods of peripheral LAR should be located at radius R=0.6Ro.

The question of the optimal placement of LAR detectors has been solved by varying the
distance from the detectors to the LAR rod; it has been assumed that all the detectors are
located on the same radius. In particular, it has been assumed that four detectors are used
in each LAR in an RBMK, mounted in a square with side a at whose center is located an LAR
rod. The computational results are given in Fig. 3. The D(a) dependence is shown in Fig.
3a, from which it follows that the optimal value is a ~(0.25-0.3)R,, i.e., 6-7 lattice steps
of the reactor channels. The physical causes for the presence of an extremum are illustrated
in Figs. 3b and c. Thus, with power variations and too small a value of there remain im-
balances in the LAR channels within the limits of the insensitivity zone after shutdown of
the detector, but the energy yield continues to vary in the intervals between the LAR. The
reactor power also varies. Starting approximately from a = 1 m, this phenomenon is prac-
tically eliminated, and a further removal of the detectors from the rods has no effect on
the power. The inadequacies of excessive remoteness of the detectors from the rods is illus-
trated in Fig. 3c, in which are given the computational results of the suppression of a per-
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Fig. 4. Three-dimensional shape of the natural motion of the energy distribu-.
tion in a reactor equipped with a seven-zone LAR system; a) calculation; b)
experiment; @) LAR rod; A) LAR detector; +1) line of equal deviation from the
original state, Z%.
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Fig. 5. Transitional processes in the regime of urgent power reduction by the LAR
system: a) behavior of the neutron power (?); of the reactor: ) 03 ———)
setting; b) position of the LAR and RC rods (Zp): 1, 2, +s 7) LAR rods; 1',
2'y ..., 7") RC rods.

turbation introduced by a rod in the region of one of the LAR. If the detectors are placed
near the rod (¢ ~0.5 m), then the LAR nearest to the perturbation site suppresses the pertur-
bation only partially, and therefore the adjacent LAR channels are involved. With optimal
remoteness of the detectors, the perturbation is practically suppressed by just the nearest
LAR. If the detectors are located too far away, adjacent LAR are again brought into play,
but they are shifted in the very same direction as is the "perturbing" rod.

Investigations of the natural motion of the field in a reactor equipped with an LAR sys-
tem have also been included in the synthesis procedure. To this end, a detailed three-di-
mensional dynamic model has been used with which a regime of prolonged maintenance of a
steady power level by an LAR system is reproduced in the absence of any other kind of control
influences, similar to what has been done on operating RBMK reactors during experiments. The
results of this calculation for a seven-zone LAR system operating in the first and second
units of the LNPP are given in Fig. 4a. The experimental results are given in Fig. 4b. A
comparison of Figs. 4a and b indicates good agreement of calculation with experiment [2].

The second stage of LAR synthesis is associated with providing for regimes of urgent
power reduction. The main problem of this stage is the choice of the number, position, and
algorithm for operation of the compensating rods which are connected to assist the LAR. It
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has proven possible to solve most correctly and effectively the complex of problems arising
here by virtue of a rational sorting out of the alternatives, comparing them with regard to
the quality of the transitional processes. It is necessary for such calculations to use a
nonlinear three-dimensional dynamic digital model of the reactor, which permits reproducing
the actual operating regimes of the operation of the power assembly. The choice of accepta-
ble alternatives for placement of the recompensation rods (RC) was determined by the following
obvious considerations: The RC rods should be distributed as uniformly as possible in the
plan view of the reactor to avoid misalignments of the energy distribution during operation
of the RC; and the RC rods belonging to each of the LAR should be located in that section

of the reactor which is serviced by the LAR in question.

The computational results of the most difficult of the regimes of urgent power reduc-
tion with disconnection of the unit from the grid and a transition to providing for its in-
trinsic needs are given in Fig. 5. It follows from Fig. 5 that the adopted algorithm for
the operation of LAR with groups of RC rods provides for a power changeover in accordance
with specification and a stabilization of the regime at an established level during a suffi-
ciently extended time without operator participation or participation of the higher-level
systems of the hierarchy of reactor control.

The experiment to design, test, and introduce LAR systems for the power units of nuclear
power plants has shown that the main problems with a practical synthesis of such systems are
the choice of the number of LAR which provide for a specified level of stabilization of the
_energy distribution, and the maintenance of a specified effectiveness of the LAR system in
all operating regimes, including regimes of urgent emergency power reduction.

Thus, a practical synthesis of an LAR system on these criteria can be successfully ac-
complished on the basis of the complex use of harmonic and nonlinear nodal three-dimensional
temporal models. Complicated experimental investigations of a mock-up and then tests of a
regular model of an LAR system at the LNPP have confirmed the effectiveness of the proposed
procedure for synthesis of LAR.
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CORROSION OF St.3 AND 12Kh18N10T STEELS AND NP-1
NICKEL IN HIGH-LEVEL WASTES FROM GAS—FLUORIDE
REPROCESSING OF FAST-REACTOR RODS

A. P. Kirillovich, R. K. Gazizov, UDC 621.039.546
V. S. Bushkovskii, V. N. Golovanov,

Yu. G. Lavrinovich, V. S. Belokopytov,*

and V. K. Shamardin

Reliability is decisive in selecting of storing high-level wastes (HLW) formed by re-
processing nuclear fuel. One of the main factors governing reliability is the corrosion re-
sistance of the materials in the storage vessels. Reliability requires constant monitoring
of the state of these, together with a knowledge of the laws of corrosion in the HLW medium
[1-3]. '

Carbon and stainless steels are used throughout the world in vessels for storing liquid
HLW [4, 5], but preference is given to stainless steels of types 12Khl8N1OT, 304-L, and
310-L. Some experimental evidence is already available on the corrosion of materials in
liquid HLW. However, there is virtually no information for the solid HLW from gas—fluoride
reprocessing, which is considered to be one of the promising methods for rods from fast re-
actors.

The corrosion was examined on flat specimens of size 25x 20x 2.5 mm made of St.3 carbon
steel, 12Kh18N10OT austenitic steel, and NP-1 nickel. Table 1 gives the chemical compositions
of the materials, which were chosen for examination because of their extensive use in the
production of uranium fluoride, and also on technological and cost grounds. The corrosion
rate was estimated by the methods of [6]. The phase composition of the deposits was deter-
mined by electron diffraction with an ER-100 camera. The specimens were examined in transmis-
sion and reflection. On some of the specimens, the chemical compositions of the corrosion
products were examined by layerwise analysis.

The wastes from gas—fluoride reprocessing represent a mixture of complex chemical and
radionuclide compositions with high specific radiocactivity and heat production (up to 500
W/kg). Table 2 gives the characteristics of the wastes, which are described in more detail
in [2].

Below we give the chemical compositions of the fluorination wastes in mass Z:T

F Fe Al Ni Ca Na Cr
37.541 30-50 >01 >01 >0.1 0.1 0.1
Si U Pu HO
0.1 0.36-£0,03 0.004 1.7and0.03

The corrosion in fluoride wastes is more rapid on account of the high oxidation capacity
of the medium, and also because of the radiation, which stimulates chemical reactions, in-
cluding the release of fluorine and hydrogen fluoride [2], in addition to the heating due to
the high specific radiocactivity. Therefore, in optimizing the storage conditions one has to
consider factors such as temperature, time, radiation level, and waste composition.

Tables 3 and 4 give the results from corrosion tests made in media of various composi-
tions and activity levels containing the wastes from fluorination together with NaF solvents
for various temperatures and times.

*Deceased.
tThe specific radioactivity was 7.3 % 10® Bq/kg and corresponds to low-activity wastes.

¥The H,0 content of 1.7 mass % corresponds to moist wastes, while 0.03 mass 7 corresponds to
dry ones.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 305-309, November, 1982. Original
article submitted December 7, 1981.
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The corrosion rate increases exponentially in accordance with K = A exp(—E/RT) as the
temperature increases. At 400°C, St.3 and 12Kh18N1OT were completely corroded away in the
fluorination residues, while the rate of penetration of the corrosion into the nickel was
0.25 mm/yr. At the same temperature, the rate of penetration of the corrosion in the NaF
solvent was lower than that in the fluorination residue.

The data of Table 4 show that the corrosion rates are largely dependent on the composi-
tion of the solvent, being maximal for a solvent containing hydrogen fluoride. Figure 1
shows the characteristic failure of a carbon-steel container on heating to 400°C in fluorina-
tion residues (water content 0,03%).

TABLE 1. Chemical Compositions of Constructional Materials

Component contents, mass %
Material \ ’ l
C Si Mn S P Cr Ni Ti Cu Zn Fe Co Mg
St. 3 0,18 | 0,011 0,48 |0,020}0,020| — | — — - | = Base — —_
12KH18N10T 0,10 0,61 | 1,9 — — 17,5 1 9.5 | 0,5 — — Base — —
NP-1 0.04. | 0.002 | 0,001 | 0,001 | 0,00 | — |99.93| — | 0,02 |0,001| 0,00 |0,005| 0,001

TABLE 2. Characteristics of High-Level Fluoride Wastes Obtained in Experimental
Gas—Fluoride Reprocessing of Fuel from the BOR-60 Reactor

Specific Activities of radionuclides, Bq/kg
. activity,| -
Material i
Bq/kg li‘:ﬁf; 141Ce 1103({};‘“ 103Ry 137Cs 134Cs 957 35ND } 905y
NaF sorbent 222.101°}1,26.101°0 — 69,2.1010] 22,2.103 (22 .2.10'9|4 88.1010 — — 3.59-1010
Fluorination 333.1012|77,7.10'2) 7,77-102 250-1018 | 14 . 1-10% | 206- 1010 |92, 5-4010(5,33-101| 5.6-10% | 5476- 1010
residues 2042-1012| 685-10'2] 101,8.401¢ ]40,7-1010] 248.1019| 9811010 — 40,7-1010|2128. 1010 —

TABLE 3. Rates of Penetration of Corrosion into Carbon and Austenitic Steels and
into Nickel in Fluorination Wastes Containing Fission Products, mm/yr

“Test conditions St3 T2Kh18N10T Nickel
high Tow-level logvst-égvel it lowt-lsevel
: tempera- - wastes high- w jgh~ waste;
time, tmeP?CrJ le\grel le%el - 1e\g7e1
h d wastes dry moist wastes dry moist wastes dry moist
100 0,37 0,025 | 0,050 0,025 0,0004 | 0,0005| 0,0088 | 0,0005 | 0,0032
200 0,67 0150 | 0,364 0,145 0.0086 | 0195 | 0,031 0.0016 | 0,0088
300 300 2,03 1,90 | 200 0,49 0.367 | 0,699 | 0.087 0.016 | 0,010
400 _ Failed — Failed - 0,37
100 0,29 0,020 | 0,040 0,020 0,0003 | 0,0003| 0,007 | 0,0002 [ 0,0015
200 0,63 0130 | 040 00191 | 00053 | 0190 | 0,027 0.0009 | 00085
500 300 1.78 1,63 | 1.75 040 0320 | 0.500 | 0,069 0,013 | 0.0084
400 — Failed — Failed — 0,26 —
100 0,18 0,010 | 0,035 0,011 0,0002 | 0,000 | ©0,0051 | 0.0001 | 0,0000
: 200 0,50 0,120 | 0,303 | 0,063 00024 | 0184 | 0,020 0.0008 | 0.0058
1500 300 1,37 115 | 1.20 0,270 0242 | 0,305 | 0,051 0,010 | 0.0060
400 — Failed — Failed — 0,25 —
9170 140—60 0,21 — — 000012 | — — 0,0012 = —
8740 80—49 0,062 — - 0,0018 — — 00015 — —

Note: The errors of the results in Tables 3 and 4 do not exceed # 5% at the 0.95
probability level.
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i

TABLE 4.

Fig. 1.

External view of a container of

diameter 100 mm made of carbon steel after

corrosion tests in dry fluorination re-
sidues (0.03 mass % water) of activity

7.3x10° Bq/kg at 400°C for 1513 h.

Rates of Corrosion Penetration (mm/yr) in Carbon and Austenitic Steels and

in Nickel in High-Level NaF Sorbent (Specific Activity 222 x10'° Bq/kg) Containing
Fission Products, in Pure NaF Sorbent, and in a Sorbent Containing 30% Hydrogen

vent saturated with hydrogen fluoride (NaF-HF).

Fluoride
Test conditions St3 12Kh18N10T Nickel NP-1
tempera=| high-level high-level high-level
time, b |ture, ° soi:yvent pure sorbent S;fb en:,ve pure sorbent sogbent pure sorbent
100 — 0,007 — 0,00065 — 0,00028
300 200 0,58 0,030 0,014 0,0034 0,019 0,00071
300 1,0 0,076 (1,9) 0,027 0,0098 (0,7) 0,046 0,0013 (0,0015)
400 = 7.15 — 0,032 — 0,024
100 — 0,0055 — 0,00053 — 0,00027
500 200 0,53 0,024 0,011 0,0027 0,016 0,00065
300 0,91 0,063 (1,3) 0,022 0,0076 (0,52) 0,037 0,0011 (0,0032)
400 — ,2 — 0,031 — 0,035
100 0,098 0,0073 0,0031 0,00021 0,0039 0,0002
1500 200 0,33 0,029 0,0099 0,0011 0,0148 0,00048
300 0,77 0,071 (0,52) 0,024 0,003 (0,2) 0,036 0,00085 (0,0025)
400 — —_ ,012 — ,026
10296 25 0,044 0,001 — 0,001 —
Note: 1In parentheses we give the rates of penetration of corrosion in the NaF sol-

The effect of waste composition on the corrosion was considered from the viewpoint of

-possible changes during production.
widely.
water content rises from 0.03 to 1.7 mass 7%.
rial.

In particular, the water and fluorine contents may vary
The corrosion in the fluorination residues increases with temperature and as the
The exact variation is different for each mate-
The maximum increase in corrosion rates occurs in the range 100-200°C, particularly
for 12Khl18N10T steel, and to a smaller extent for nickel.

We examined the ratio of the corrosion rates K;/K; as a function of temperature for the

constant radioactivity ratio Q./Q,~ 10'° (Fig. 2), where K, and K, are the corrosion rates,
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Fig. 2. Temperature depen-
dence of corrosion in the
fluoride media of various ac-
tivity levels (O in solvent,
A in fluorination residues):
1) St.3; 2) 12Kh18N1OT; 3)
NP-1.

Fig. 3. Microstructure of the surface of St.3 after tests: a) in high-level sorbent
for 8400 h, pit depth 0.03-0.07 mm, diameter 0.15-0.3 mm; b) in high-level fluorina-
tion residues for 9170 h, T = 140-60°C, pit depth 0.05~0.07 mm, diameter 0.2-0.3 mm
(x100).

correspondingly, in high-level and low-level wastes similar in composition, and it is clear
that the corrosion rate is increased for all the materials in the higher-level activity
medium when the temperature is reduced to 100°C. The same relationship occurred, but much
move weakly for NaF sorbent with nickel, 12Kh18N1lOT, and St.3. On raising the temperature
to 300°C, there was a tendency for K, and K, to become the same, i.e., the contribution from
the radioactivity was reduced.

There were two basic forms of corrosion — general frontal and local pitting (Fig. 3).
Slight pitting corrosion (depth of pits up to 0.07 mm) was appreciable only for St.3 after
testing in HLW.

The results from the three materials in various forms of waste indicate that the corro-
sion rates of St.3 and 12Kh18N10T are dependent on the capacity of the wastes to release
gaseous fluorine and hydrogen fluoride. Wastes from gas—fluoride reprocessing fall in the
following sequence of decreasing corrosion activity: moist wastes, dry ones, and NaF sorbent
with radionuclides.
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TABLE 5. Phase Composition of Corrosion °

Products
Test condi- ial Phase composition
tions Materia and lattice type
St.3 a-Fe, 0,4 (rhom’pohgd:al)
Fe,0, (spinel)
traces F;03 (mono-
s clinic)

Fluorination 12Kh18N10T a-Fe, 0, (thombohedral)
residues Fe,O, and NiO-Cr,0,
0,03 mass Ton (spinel)

H,0;
7.3.10% Ba/kg
15001; 300 °C L
NP-1 NiQ (cubic) _ |

Fluorination St.3 Fe,0, (monoclinic)

~ residues a-Fe,04 (thombohedral)
1,7 mass % andFez0,

H,0;
7.5-10sBa/ks;
150010, 300 °C| 4
12Kh18N10T| a-Fe, 0,4 (rhombohedralg
and Fe,0y (monoclinic
Ni0-Cry0q, 3Cr,04-
-Fe, 0, (spinel)

NP-1 NiC (cubic)
Fluorination St.3 Feg0, (spinel) and
residues traces of a-Fey,O3
2042 X
% 1012Bq/kg;
8400 h;
90—40°C
The same 19Kh18N10T| y-Fe, Q4 (y-Fe,05- H,0)
(tetra%onal), traces
and a-Fe,0,
Sorbent NaF; St.3 Fe,0, (spinel)
222 X
% 101"Ba /kg

The corrosion products consisted of oxides (Table 5); the higher resistance of nickel
is probably due to the formation of a dense surface film of NiO, while the fall in the corro-
sion rate with the lapse of time (Tables 3 and 4) is due to a character of the products. The
corrosion products contained up to 0.2 mass % fluoride, which indicates that this partici-
pates in the process.

These studies lead us to recommend that 12Khl8N1lOT stainless steel should be used as the
main material for constructing vessels for storing fluoride HLW. Carbon steel can be used
at low temperatures (not above 35-65°C) with appropriate protection from atmospheric corro-
sion. If the medium is more corrosive (fluorination residues with elevated water contents,
traces of HF, etc.) and at higher temperatures it is preferable to use nickel. The vessels
should be reliably sealed, e.g., by welding, to improve the reliability in long-term storage
of HLW and to eliminate corrosion arising from water taken up by the waste. The corrosion
resistance of NP-1 and 12Kh18N10T in high-level fluorination wastes and in NaF sorbent con-
taining fission products is estimated in accordance with GOST 13819-68 up to 80-85°C as 1
point, while the resistance of St.3 under the same conditions is estimated as 3 or 4 points.

Therefore, these experiments have given the optimum temperature for using various mate-
rials to provide an acceptable corrosion rate of not more than 0.05 mm/yr. The values for
fluorination residues are as follow: 35°C for St.3, 180°C for 12Khl18N10OT, and 250°C for
NP-1; similarly, for sodium fluorides: 65°C for St.3 and up to 300°C for 12Kh18N10T and
NP-1.
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INTERACTION OF “Het IONS WITH POLYCRYSTALLINE
AND SINGLE-CRYSTAL METALS

N. P. Katrich and A. T. Budnikov R UDC 548:539.12.,04

There is extensive experimental evidence on the interactions of fast gas ions with
metals, which indicates that the formation of blisters is preceded by the trapping of gas
atoms by vacancies and the fusion of these complexes into gas bubbles. It has previously
been shown [1] that this mechanism is present on bombardment with HT ions even for metals with
exothermic solubility if the hydrogen concentration exceeds the limit such that H/M = 1-2.
However,. the data on the interactions of “Het ions with metals are conflicting, and they are
far from sufficient to resolve problems in radiation resistance [2, 3]. We have therefore
examined the implantation of helium as well as the spontaneous and thermally activated de-
sorption of the helium, along with blistering processes.

We used the apparatus of [4] with the chamber shown schematically in Fig. 1. Polycrys-
talline and single-crystal specimens of tungsten, aluminum, niobium, molybdenum, and other
metals were bombarded with a beam of “Het ions at a current i = 10 pA(j = 50 pA-cm—2), E= 30 keV, tem-
perature 78-2000°K, and initial background gas pressure pbfsl.3-10‘7 Pa. The ion beam was
generated by extracting the helium ions from the plasma of a high-frequency ion source. After
electrostatic focusing, the ion beam was separated in a magnetic mass analyzer. In the
chamber of this, the “He' ions were deflected through 60° and passed through acollimator sys-
tem onto the target. The target had been mechanically polished and then chemically or elec-
trolytically polished to remove contaminants, and it was set up in a hollow holder fitted
with electrical leads. A given temperature at the target was provided by passing liquid
nitrogen or water through the hollow holder or by heating thin targets electrically. The
holder was mounted on a flange in the same block as the mass-spectrometer transducer and the
IPDO-2 partial-pressure gauge, along with the thin-walled stainless-steel cylinder. The
flange, the thin-walled cylinder, and the cylindrical cavity formed the chamber around the
holder that communicated with the rest of the volume through a standardized hole. The design
of the vacuum system and the multistage gas pumping provided high stability in the vacuum and
adequate cleanness in the target. The method involving measurement of the helium partial
pressure was used to examine the implantation and desorption in the chamber and outside it,
using the mass-spectrometer transducer with dynamic pumping through the standardized hole.
During the irradiation, the partial pressure in the chamber increased because of scattering
of the “Het ions and release of the implanted helium. The partial pressure of helium outside
the chamber altered only slightly. The implantation coefficient and the desorption rate
dn/dt were calculated from the following formula [5, 6]: -

_4__ M9 (P—pw,
n=1—""m (1)

dn/dt = ng(p — po) W, (2)

where w is the rate of pumping through the calibrated hole; n, implantation coefficient; n,,
number of helium atoms in 1 cm® at a pressure of 133 Pa and normal temperature, cm~>; p and
Po, helium pressures in the target chamber and outside it, Pa; i, “Het beam current, A; and
q, charge of an ion, C.

All the mass-spectrometer transducers had previously been calibrated by measuring the
dependence of the helium pressure in the chamber on the “Het current for thin tungsten

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 309-314, November, 1982. Original
article submitted May 15, 1982.
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Fig. 1. Measurement chamber: 1)
target; 2) target holder;.3) mass-
spectrometer transducers; 4) flange;
5) thin-walled cylinder; 6) cylin-
drical cavity; 7) low-temperature
titanium pump; 8) titanium evapo-
rator; 9) standardized hole; 10)

flap for covering ion beam.
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Fig. 2. Dependence of the “He’ im-
plantation coefficient n on implanted
helium concentration N: 1, 2) W(100)
and W(110), correspondingly, T = 78°K;
3-7) polycrystalline W, T = 78, 1000,
1500, 1700, and 2000°K, corresponding-
ly; 8) polycrystalline Al, T = 78°K.

targets at T = 2500°K, when n = 0. To increase the sensitivity, the supply of hélium was
stopped before the desorption-rate measurements, and then the helium pressure outside
the chamber was not more than 1.3 x 10-° Pa., The blistering was examined by recording
the fluctuations in helium pressure when the bubbles broke during and after the irradiation,
which occurred against the background of spontaneous and thermally activated desorption. The
size and shape of the blisters were determined with an MIM-8 optical microscope.

Figure 2 shows how n varies with the concentration N of implanted helium. These metals
give n = const, no matter what the temperature T, in the range N<No, (No is the concentration
of implanted helium at which n begins to fall). As the temperature rises, No begins to fall,
as does n in the range N<No; for example, for tungsten at 300°K, the values of n and N, are
reduced by about 10% relative to 78°K. For N> No, n for polycrystalline tungsten falls to
zéro at all T, while for single-crystal tungsten n at 78°K falls to a value close to zero.
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The same n (N) relationship is observed for niobium, molybdenum, and other metals of high
atomic mass. TFor metals of low atomic mass such as aluminum, n at 78°K falls to about 0.5
and then remains virtually unaltered at higher doses.

There is a resemblence to the results obtained with HT on metals [7-9] in that this
n(N) dependence occurs because the blisters are formed at a depth less than the mean range
Ap of the “Het ions in aluminum and other metals of low atomic mass, so most of the “Het
penetrates through the tops of the blisters. Under these conditions, the implanted helium
diffuses to the surface and also down into the target. The downward flux at high doses, and
consequently the resulting minimum value of n, is probably determined by a potential barrier
arising from the accumulation of radiation defects [10]. In tungsten, molybdenum, and nio-
bium the blisters are formed at depths greater than Ap. The “Het ions then do not penetrate
through the tops of the blisters, the diffusion of the implanted helium into the target is
locked by the blister layer, and all of the helium for N> N, is released into the measurement
volume no matter what the magnitude of the surface potential barrier.

The radiation-damage profile evidently determines the depth at which the blisters are
produced for metals of low and high atomic mass, as in the case of bombardment with gt (9,
11, 12]. Radiation defects are formed mainly in a layer Al at a depth equal to Xp. Here the
recombination probability is the highest on account of the high defect density. Nearer the
surface and deeper in the target, the density and the recombination probability are com-
paratively small. Therefore, the conditions for vacancy accumulation and thus the formation
and growth of gas bubbles are the most favorable here. If a metal of high atomic mass is
bombarded by “Het of comparatively low energy (E = 30 keV), the depth distribution for the
radiation defects has a gently falling rear part, and the maximum values occur immediately
under the surface. Correspondingly, vacancy accumulation, gas-bubble growth, and blistering
occur at a depth exceeding the mean ion range. In a metal of low atomic mass, the defect
distribution [9, 12] has a gently sloping leading edge but a steep rear one, and therefore
the blisters are formed at a depth less than the mean range.

Our results on the implantation of “Het in molybdenum at 300°K are in good agreement
with published data [2], but for aluminum there is a substantial difference from [3]. In
that study, the n(N) curves did not have a plateau, while the implantation coefficient at
78°K was 0.1, which is much less than our value.

The plateau on the n(N) curve indicates that the filling of the metal with helium is in
a certain sense analogous to that with hydrogen on bombardment with ut at 78°k (9, 13]. The
helium ions penetrating into the metal are retarded mainly in a certain layer Al at a depth of Ap.
While this layer has reasonably many unfilled traps for the helium, there is very little dif-
fusion of helium from this layer, although the activation energy is fairly low (e.g., 0.25
eV for tungsten [14]). As the bombardment continues, the Al layer becomes filled (when all
the traps in the layer are full) and the helium diffuses freely within this layer to the
boundaries. Therefore, this A7 layer with the limiting helium concentration expands towards

1012

0 7

J
3%, min

Fig. 3. Change in rate of spon-
taneous desorption with time (N=
1-10*7 em~?): 1, 2) W(1l00) and
W(110), correspondingly, T = 78°K;
3) W(110), T = 300°K; 4) Al (111),
T = 78°K; To is instant when ir-
radiation stopped.
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Fig. 4 Fluctuations in helium pres-
sure: a, b) W(100) and W(110), cor-
respondingly, in firmly activated
desorption, Ap = 1.3+10”° Pa; c, d)
Al (111) during irradiation at 78
and 300°K, correspondingly, Ap =
1.3+1077 Pa.

the surface and into the target. A marked fall in n at N = N, indicates that the front re-
presenting the limiting concentration has attained the surface and the helium is beginning
to dissolve freely into the vacuum. Therefore, a plateau can occur in two cases: if the
material has a sufficiently high concentration of helium traps, and if the traps are evenly
distributed in the surface layer. Only in these cases will the diffusion flux to the sur-
face be constant for N<N,, and consequently so will n.

Figure 3 shows results on the desorption of helium from tungsten and aluminum. At 78°K,
the values of dn/dt and the total amount of released helium during and after the irradiation
are less than those at 300°K and are dependent on the crystallographic orientation. The dif-
fusion coefficients calculated from the slopes of the curves are correspondingly as follows
for the (100) and (110) crystallographic directions: D; = 6:107'% cm®+sec™?, D, = 2.6-10"*2
cm®-sec', i.e., the diffusion coefficient is higher in the direction with more dense atomic
packing. Such high diffusion coefficients at 78°K and helium concentrations N <N are dif-
ficult to explain in terms of classical diffusion of helium atoms between interstitial sites,
for which the activation energy can scarcely be less than 0.25 eV. It is likely that here,
as in the case of low-temperature release of implanted hydrogen [10], the minor release of
helium during the radiation and the spontaneous desorption for N< Ny are due to diffusion to
the surface in the form of complexes consisting of displaced metal atoms and helium ones.

The mobility of such a complex may be fairly high, as may that of a single displaced atom.

The desorption during and after irradiation at N> N, is accompanied by fluctuations in
the helium pressure (Fig. 4) associated with helium release from the failed blisters. The
amplitude and frequency of the fluctuations are dependent on the temperature, the nature of
the material, and the crystallographic orientation of the irradiated surface. The amplitude
of the fluctuations and the dimensions of the layers of failed blisters increase with tempera-
ture; this is particularly prominent for aluminum. In single-crystal tungsten targets with
(111), (100), (110) crystallographic planes at the surfaces, thecritical dose, the size of
the blisters, and the amplitude of the pressure fluctuation increase with the packing density
of the atoms in the direction of incidence, i.e., as the channeling conditions improve (one
can take the concentration N, at which the blisters are formed). With aluminum, the ampli-
tude of the fluctuations is 50 times that found with tungsten; correspondingly, the size of
the blisters in tungsten is <2 pm, while blistering in aluminum is characterized by extensive
surface exfoliation (Fig. 5). The surface relief under the exfoliation indicates that there
has previously been fusion of gas bubbles of size<1 um.

Some of the implanted helium is released when the target is heated from 78 to 300°K. The ,
proportion o of the helium released is dependent on the target material, (e.g., about 10% for
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Fig. 5. Photomicrographs of irradiated surfaces of doses of N~ 1-10'® cm™?; a)

W(100), T = 78°K (x 2000); b, ¢) Al (111), T = 78 and 300°K, correspondingly
(x 2000).
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Fig. 5 (continued)

tungsten or 20% for aluminum), as well as on the crystallographic orientation. The value of

o increases with the packing density in the irradiation direction. For example, for tungsten
the values of o for the (111), (100), and (110) planes are 10, 9.5, and 7.5%, correspondingly.
Polycrystalline tungsten shows the least release (7%). It is likely that at this low tem-—
perature the helium is derived mainly from interstitial sites and certain traps that are un-
stable in this temperature range. This is confirmed by the following: If a target, e.g.,

of polycrystalline tungsten, is first irradiated at 300°K to nearly complete saturation (when
all the stable traps are filled and n = 0) and is then cooled to 78°K and again irradiated
with various doses, then on heating from 78 to 300°K all the helium implanted at 78°K is
released. Calculations show that this amount of helium is equal to that released from targets
that have not undergone preliminary bombardment at 300°K, i.e., it corresponds to a = 7%.
Therefore, bombardment of tungsten at 78°K causes about 7% of the implanted helium to be
trapped by interstitial sites and radiation defects that are unstable in the range 78-300°K;
the rest of the implanted helium is taken up by more stable traps, which also determine the
trapping at 300°K. These traps may be dislocations, grain boundaries, or vacancies. However,
the trapping of the helium by dislocations and grain boundaries is evidently not decisive,
since the values of No and n for single crystals are even higher than those for polycrystal-
line materials. It is very likely that vacancy defects of radiation origin are the helium
traps at this temperature. Estimates [15] show that 10 or more vacancies may be formed when
a “Het ion of energy 30 keV is stopped in a metal. Around each vacancy defect there is evi-
dently a fairly extensive zone within which the activation energy for diffusion of helium
atoms is much lower than elsewhere. The dimensions of this zone and the performance in
helium atoms trapped by vacancy defects increases. Correspondingly, for N>» N, the implanta-
tion coefficient for “Het attains the stable value (from 0 to 0.5) dependent on the atomic
mass of the metal and the irradiation temperature. The desorption during irradiation and the
brief spontaneous desorption afterwards under these conditions are related to diffusion of

the free helium atoms, evidently along with some mobile complexes. At very high temperatures,
the values of n and N, are substantially determined by thermal vacancies.
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THERMORADIATION DECOMPOSITION OF CARBON DIOXIDE

B. G. Dzantiev, A. N. Ermakov, ' UDC 541.15
V. M. Zhitomirskii, and V. N. Popov

The cycle of experiments conducted by the authors to study the mechanism and optimiza-
tion of the thermoradiation decomposition of water vapor (TRDW) into hydrogen [1-6] allowed
the conclusion to be drawn that the efficiency n of conversion of the radiation energy into
H,, is determined by the competition of elementary reactions, with the participation of ac-
tive H and OH centers, and is a complex function of the temperature T, dose intensity §, and
the irradiation time t. In optimum conditions (at a high temperature and a small time of
contact, and with the exclusion of reverse oxidation reactions of H,), the radiation yield
of hydrogen G(H,) = 8, which corresponds to n = 20%. The energy index achieved allows TRDW
to be considered on a par with thermomechanical, electrochemical, and plasma methods of de-
composition of water.

At the same time, taking account of the relatively low energy utilization factor e of
the fission products (for systems with fixed fuel e€<0.3), it is advantageous to continue the
search for promising radiation processes having higher radiation yields. In a number of
papers [7, 8] the use of radiation for the decomposition of carbon dioxide was proposed:

( CO, — CO - 1/20,A11, == 2.9 eV, (1)

There is contradictory information in the literature [9-11] about.the efficiency of reaction
(1). Despite the quite considerable number of experiments and the diversity of experimental
conditions (different types of radiation (y, e, n, p, o, and ff), different pressures, and the
addition of acceptors), the mechanism of the radiolysis of CO, has not been established un-
ambiguously, and the value of G(CO) varies within the limits of 0.1-8 mole/100 eV. The re-
sults of [9] are the most reliable: G(CO) = 7.8. A slightly higher value of G(CO) = 8-10

Translated from Atomnaya Energiya, Vol. 53, No. 5, pp. 314-317, November, 1982. Original '
article submitted January 15, 1982. '
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was obtained in [8], where, as the authors assume, vibrationally excited molecules of CO,
make a definite contribution. A consideration of the kinetics of vibrational processes during
the pulsed irradiation of CO. [8], in the opinion of the authors, opens up the p0351b111ty
of further increasing G(CO) right up to 16-20 for an energy injection of d~ 3-10 J/em®. It
is important for this that the stated values of d should be achieved during a time 7 of the
order of or less thanm the time of vibrational relaxation (10~“-10"3 sec, with P~ 10° Pa),
which corresponds to an energy potential of 102-10° kW/liter. It is obvious that the achieve-
ment of these conditions is an exceptionally complicated problem.

In [9, 10], the mechanism of the radiolysis of CO, was investigated using kinetic spec-
troscopy and the technique of radical and electron acceptors. The data obtained allowed the
authors of these papers, independently from the author of [11l], to formulate the primary
stages of decomposition of CO, and to distinguish the contribution of ionic processes and dis-
sociation processes of electron-excited molecules. An analysis of the data allows the maxi-
mum possible radiation yield of the decomposition of CO, for low values of d to be estimated,
i.e., in the absence of a contribution of v1brat10nal excited molecules to the decomposition
of CO,. This consideration leads to G°(CO) = G°(0) = 7.6 (the sign "o' denotes the primary
yield). An independent estimate of G°(CO) follows from data about the yield of ozone by the
irradiation of CO,—0, mixtures [10]; in this case G°(CO)~ 7.

At a high temperature, the atoms of oxygen formed during the radiolysis of CO, can enter
into a detachment reaction:

04 CO,—>0,+CO, AH=0.34 eV/mole,

. , (2)
Ly =0,62 eV [12].

In the limit this gives Gpax(CO) 2G°(CO) 14-15. Estimates show that reaction (2) predomi-
nates over the recombination reaction of atomic hydrogen for

r'=>% [1 Kp[()] ] g (3

Here E; and A, are the energy of activation and the preexponent of reaction (2); Kp and [0]
are, respectively, the recombination constant and the statlonary concentration of oxygen
atoms. Substltutlng, in Eq.(3), E, = 0.62 eV, A, = 2102 cm /(mole-sec) and K, = 2¢ 10%¢
cm®/ (mole®-sec) [12], we find that for [0] < 10"“’ mole/cm®, T~ 500°K. Thus, in the case

of the radiation decomposition of CO., aregime of irradiation is possible for which, in condi-
tions of a relatively low degree of ionization, a low energy injection (v 10~* J/cm®) , and T >500°K,
ahigh radiationbreakdown efficiency of CO, can be expected: Gmax (CO) = 14-15 mole/100 eV

Ginax v / 100 Z 9eVv

and Ng= “Gneor,~ Cmax AlllleV/mole] 1eV~O 4 (40%). A similar path, with the participation of

excited CO; molecules in reaction (2), was proposed in [9]: According to these estimates,
reaction (2) predominates over the recombination reactions of atomic hydrogen with Z—: ~ 1073,

which imposes rigorous conditions on the energy potential (intensity § 210%® eV/(cm®+sec).

* 1<
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Fig. 1. Dependence of the radiation
yield of CO on the duration of irradia-
tion for a different dose 1nten51ty, eV/
(em®+sec): O) 5+¢10*° (T = 500°C); %)
~v6+10'° (T = 20°C); 4) ~1.2-10*7 (T =
20°C) @) v4 <10 (T = 700°C).
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In the present paper, the results are given of an experimental investigation of the high-
temperature radiolysis of carbon dioxide. For comparison and quantitative agreement of these
results with the literature data of [9-11], the radiation yield of carbon monoxide G(CO) at
room temperature was also measured.

The experiments were conducted on a U-12 accelerator, using a metallic-flow facility.
The CO, source was gas in steel cylinders, without preliminary purification. The special
features of construction and operation of the facility and also the dosimetry were described
earlier in [3]. Depending on the temperature conditions of irradiation of the CO2, both a
reactor with electrical heating and also a reactor cooled by running water were used. For
the heated reactor, the temperature field in the reactor was determined beforehand as a func~
tion of the feed velocity of the gas. The CO, flow rate was monitored by the readings of a
rheometer and a rotameter. In contrast from [3], the radiolysis products in the present ex-
periments were concentrated by absorption of the CO; with alkali. 1In order to monitor the
CO, absorption process, a reference gas (N.) with a known flow rate was added to the mixture
at the exit from the irradiated volume. From the ratio of the chromatographic peaks of
nitrogen in experiments with and without absorption of CO., the amount of CO, that reacted
with the alkali and the concentration of CO were assessed.

Figure 1 shows the dependence of the radiation yield of CO on the time of irradiation
of CO, for three temperature values (20, 500, and 700°C) and a dose intensity of nv4+10*¢ -
1.2:107 eV/(cm®-sec). It can be seen that the curve G(CO) = f(r), corresponding to 20°C,
reaches a plateau G(CO) = 8 for 1<<15 sec. The value obtained for the radiation yield co-
incides well with the data of the experiment in [9], performed with & = 10*“ eV/(cm’+sec)
[G(CO) = 7.8]. This indicates, additionally, that the formation of CO is related with ion—
molecular processes which are independent of the dose intensity, with dissociative ionization
processes, and with dissociations of electron-excited molecules. With a large duration of
irradiation (low flow rate of CO;), a reduction of G(CO) is observed, due to reverse oxida-
tion reactions of CO to CO, in interaction processes with active centers present in the irra-
‘diation zone. TFor example, as a result of the oxidation of CO in reactions with atomic oxy-

gen
CO+ 0+ CQy— COy + COy, (4)
K ~ 10% cm®/{mole?ssec) [12].
The characteristic reaction time of Eq. (4) it 7, & ———=— . With [0]~ 107*° mole/cm?,

K{10[1C0y) *
T4~ 20 sec, which is close to that observed in the experiment. In the limit, with 17 » 1., a
stationary concentration of [CO]e= 0.1% is established, independent of the dose intensity
(Fig. 2). Similar values of [CO], with significantly higher values of §~10%* eV/(cm®+sec)
were observed also, earlier in {9], i.e., at a low temperature the stationary concentration
of CO during the radiation decomposition of CO; is independent of the radiation intensity in
the range 10'°-10%“ eV/(cm®+sec).

N U T

50 1007, sec

Fig. 2. Dependence of the concentration
of CO on the duration of irradiation for
a different dose intensity, eV/(cm®+sec):
O) ~5+10%%; x) ~6-10*%; A) v1.2:10%7;

@) ~4+10'°%; temperature values are the
same as in Fig. 1.
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ine concentration [LUJ® U.l% IOr LI = >5UUTC 1s achieved for a significantly shorter dura-
tion of v5sec (see Fig. 2). The value of G(CO) = 13+ 1 (see Fig. 1), corresponding to this
concentration and temperature, confirms that the concentration [CO]~1% is alsc close to the
stationary concentration for irradiation at T = 500°C. The value found for G(CO) corresponds
to a 357 conversion of radiation energy into CO energy; this exceeds the same index for the
thermoradiation decomposition of water vapor by almost a factor of two. It should be em—
phasized that the yields of CO attained are obtained with specific energy injections of
v 107* J/cm® and small degrees of ifonization (<c10~7). In these conditions, the role of vi-
brationally excited molecules of CO, in its decomposition processes is negligibly small [8].

We also note the absence of a plateau (CO,) for the kinetic curves of the formation of
CO (see Fig. 2) at high temperature (500, 700°C). This, obviously, is due to interaction re-
actions of CO with the heated wall of the reactor and, possibly, also with the ozone formed
during radiolysis. For this reason, because of the increase of the speed of the surface oxi-
dation process with reduction of temperature, in order to achieve the value of G(CO) = 13-14
at T®700°C, an irradiation duration of ~ 1 sec is necessary, which for the reactor investi-
gated presumes a flow rate of CO,~10® liter/h. For a flow rate of CO,~ 400 liter/h (x4
sec), G = 6.

The results obtained are a record for large-scale energy processes and allow the process
of thermoradiation decomposition of carbon dioxide to be considered as a promising and eco-
nomical path for the transformation of radiation energy into carrier energy.
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INCREASE OF THE ELECTRON-BEAM IRRADIATION EFFICIENCY
OF CYLINDRICAL OBJECTS BY MEANS OF MAGNETIC SYSTEMS

L. L. Akrachkova, N. K. Kuksanov, R. A. Salimov, ) UDC 621.384.6
Yu. N. Timko, and E. E. Finkel'

At the present time, electron accelerators are widely used in the industrial technology
of the radiation modification of polymer insulation for cable products and electroinsulation
tubes. Of the direct action domestic accelerators, type ELV accelerators [l] are the most
suitable for this process, owing to the quite powerful beam (20 kW), the possibility of regu-
lating the electron energies within wide limits (0.5-1.5 MeV) without altering the power,
the quite high reliability, and the relatively simple maintenance and operation. This en-
sures high technicoeconomic radiation technology indices for the output of electroinsulation
and cable production. At the same time, when analyzing the technological indexes of the ra-
diation modification lines for the insulation of conductors, cables, and heat-shrunk tubes
for different methods of shaping the radiation zone (Fig. 1), it was established that there
is a considerable reserve for increasing production capacity and for expansion of the catalog
of irradiation for cable components on ELV-type accelerators. It is important to note that
a large catalog of cable components, in practice, excludes the possibility of modifying the
polyethylene insulation of cable components by a single technological scheme.

Long uniform components themselves are an element of the conveying equipment for their
movement in the zone of the electron beam, independently of the one-sided or two-sided meth-
od of forming the irradiation zone (see Fig. 1). 1In the present paper we shall confine our-
selves to considering only two technological indices: the beam-current utilization index,

Fig. 1. Conveyance of cables in the irra-
diation zone, using reversible rollers
(a), reversible and intermediate rollers
(b), a reciprocating drum (c), and a reci-
procating drum and intermediate rollers

@.

Translated from Atomnaya fnergiya, Vol. 53, No. 5, pp. 317-319, November, 1982. Original

article submitted December 21, 1981.
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Fig. 2. Geometrical parameters of the cable: 1)
current—-conducting core; 2) ‘insulation.

Fig. 3. Dependence of the coefficient K on the
core diameter for electron energies of 0.5 (1), 0.75
(2), 1 (3), and 1.5 (4) MeV.
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Fig. 4. Schematic diagram of the magnetic
system with all-around scanning: 1) fun-

nel; 2) magnet pole; 3) magnetic core;

4) magnet coil; 5) cable to be irradiated;
6) power-supply unit.

taking account of losses due to incomplete overlapping of the beam cross-section by the com-
ponent being irradiated, and the electron-energy utilization index, taking account of losses

due to absorption in the current-conducting core and incomplete absorption of part of the
electrons by the polymer insulator.

For lines a and b of the conventional roller system (see Fig. 1) and with two-sided ir-
radiation, the beam-current and energy utilization indexes for conductors with a diameter of
0.2-2 mm vary from 0.4 to 0.9 and 0.8 to 0.6, respectively. For lines c and d, for which -
the working principle is based on the passage around a cylindrical surface by the conductor
(cable) and its subsequent movement along the cylinder axis — "reciprocating drum" (2], the
beam-current utilization index is equal to 0.9 for the whole catalog of cable components,
but the values of K, are the same as for lines ¢ and b.
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The considerable power losses of the electron beam (the energy utilization index varies
from 0.8 to 0.6 for all methods of forming a one-sided or two-sided irradiation zone) are
due to the different thicknesses of the polymer material in the direction of incidence of the
electron beam because of the cylindrical shape of the item (Fig. 2). This feature, in con-
junction with the presence of the metal current-carrying core screening part of the material
from the incident electron beam, makes it extremely difficult to achieve an acceptable distri-
bution of the absorbed dose and a high-intensity utilization efficiency of the electron beam.

In the case of two-sided irradiation of cylindrical items on lines a-d (see Fig. 1), the
nonuniformity of the absorbed dose in the insulation with a thickness of 0.2-3 mm amounts to
+ 25% (within the established limits) for cables with a diameter of 2-11 mm. However, for
cables with a diameter in excess of 11 mm and with this same thickness of insulator, an ac-
ceptable uniformity of the absorbed dose cannot be achieved from irradiation on ﬁLV-type ac-
celerators. This is because in order to ensure the required uniformity of the absorbed dose
in the case of two-sided irradiation, the choice of the electron energy is determined by the
maximum thickness of the insulation X (see Fig. 2):

X=V Df(—D'é =V (D, +2A2—D%, )
where Dy and D¢ are the diameter of the cable and current-conducting core, respectively; A
is the radial thickness of the insulator. The value of X with constant radial thickness in-~
creases with increase of the cross section of the current-conducting core of the cable.

Thus, the most important geometrical parameter of the cable, defining the choice of the
necessary electron energy, is X. Then as the characteristic parameter when determining the
technicoeconomic indices of the process, it is convenient to assume the parameter K= DC/A,
so that

X=2AVEK+1. 2
The curves given in Fig. 3 show with what dimensions of insulation, with a density of

1 g/cm®, and with what core diameters, an irradiation nonuniformity of less that 257% can be

ensured in the case of two-sided irradiation with electron of given energy. It is obvious

that for comparable values of Dc and A, and their absolute values of more than 15 mm, the

necessity arises for a significant increase of energy of the electronms.

The uniformity of the absorbed dose in the insulation and the efficiency of utilization
of the electron beam intensity in type-ELV accelerators can be improved considerably by en-
suring normal incidence of the electrons on the cylindrical surface. In this case, the
catalog of these components is simultaneously extended with respect to the overall dimensions.
A promising course for the solution of this important problem is the use of magnetic sys-—
tems, shaping the electron trajectories in the required way.

In the present paper, the results are given of investigations on the irradiation of
cable blanks with an external diameter of 25 to 50 mm and an insulation thickness of 2.5 to
10 mm on the ELV-2 accelerator, equipped with the magnetic system described for the first
time in [3]. The system (Fig. 4) consists of two C-shaped magnets, generating nonuniform
and oppositely directed magnetic fields below the outlet window of the funnel of the scanning
device. The electrons of the scanning beam, emerging into the atmosphere through the foil
of the outlet window, are diverted in the magnetic field at different angles and are directed
onto the item, almost perpendicular to its surface. With an electron energy of 1.5 MeV, the
nonuniform magnetic field provides a focused electron beam on a cylindrical object with a
diameter of up to 100 mm, with a nonuniformity of the electron density over the circumfer-
ence of the object of not more than * 10%.

For comparison, cable blanks of different construction (see Table 1) were irrgdiated
"in a single pass" in the circular radiation field created by the magnetic system, and also
by the conventional scheme of two-sided irradiation (with rotation of the object by 180°).

The determination of the angular (sectors I-VIII) and depth (layers 1-6) distribution
of the absorbed dose in the cable insulation was conducted according to the scheme shown in

Fig. 5. The content of the gel-fraction in the irradiated polyethylene (determined by an ex-

traction method) was used as the dose factor. The results of the investigation of the ab~
sorbed dose distribution over the perimeter of the cable blank insulation, when irradiated
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Fig. 5. Section of cable, irradiated on
the ELV-2 accelerator using all-round
scanning, with angular (a) and depth (b)
distribution of the absorbed dose.

TABLE 1. Absorbed Dose Distribution in
the Insulation of High-Voltage Cables

: Nonuniformity of absorbe%l "
Cable dia-| Insulation |95 g¥er the perimeter of the
meter, mm| thickness, irradiation in cir-)two-sided
mm cular radiation irradiation
field
50 10 10,6 94
45 10 7,3 70
40 10 4,6 50
40 5 4.6 45
35 5 31 38
35 2,5 3,1 33
30 5 2,7 33
25 2,5 2,2 30

with electrons withan energy of 1.5 MeV, are shown in Table 1. It can be seen that as a
result of irradiation in the circular radiation field, the nonuniformity of the absorbed dose
over the periphery of the insulation is decreased from 10.6% for cables with a diameter of

50 mm to 2.27% for cables with a diameter of 25 mm. The thickness of the irradiated layer of
insulation corresponds to the classical ionization curve for one-sided irradiation of a flat
polyethylene sample with electrons with an energy of 1.5 MeV. For all the irradiated cables
shown in Table 1, the depth of the layer of insulation in which the nonuniformity of the ab-
sorbed dose did not exceed # 257 amounts to v 4mm for an energy of 1.5 MeV. '

Thus, the quality of irradiation of the insulation using the circular radiation field
depends only slightly on the cross section of the current-conducting core, and is determined
by the energy of the electrons and the thickness of the insulation being irradiated. On ana-
lyzing the data about the distribution of the absorbed dose field in the plane of the cross
section of high-voltage cable insulation, the permissible nonuniformity of the absorbed dose
over the perimeter of the insulation was established for two-sided irradiation. The irradia-
tion nonuniformity depends to a large degree on the parameter K, which with a given maximum
electron energy significantly limits the range of dimensions of cable components irradiated
on the existing electron accelerators.

The circular radiation field ensures a high quality of irradiation of the insulation
over a wide range of cross sections of current-conducting cores. In the case of two-sided
irradiation by the conventional method, i.e., in the absence of the magnetic field, the
catalog of cable units which can be irradiated on the accelerator with a given maximum elec-
tron energy is limited by both the cross sections of the current-conducting core and by the
thickness of the insulation. The results obtained are of important value for the further
improvement of technological systems and plant designs, for the purpose of increasing the
irradiation efficiency of electroinsulated and cable components.
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LETTERS TO THE EDITOR

DISTRIBUTION OF GAS IN A REACTOR WITH SPHERICAL
FUEL ELEMENTS

A. S. Pushnov, I. I. Gel'perin, UDC 66.023:661.566:533.608
and A. M. Kagan

A uniform distribution of gas in reactors with spherical fuel elements can be ensured
in two ways: first, by artificially increasing the hydraulic resistance near the reactor
walls to values approximating the resistance of the whole layer (this can be achieved by re-
placing some or all of the large spheres by small ones [1]); second, by using converging and
diverging headers [2]. However, the aerodynamics of such headers has not been studied suf-
ficiently to permit a simpler technical design with reduced hydraulic resistance.

We report on the determination of the optimum angles of inclination o of the baffles
forming. the diverging and converging. headers for ensuring uniformity of the gas distribution
over the length of an assembly of spheres. The experiments were performed under isothermal
conditions. The gas moved through the apparatus in a Z-shaped path. Seven different-sized
spherical shot with diameters from 3 to 5 mm were used. The equivalent diameter of the layer
of spheres de = 1.99x107° m, the void fraction in the assembly e = 0.53, o was varied from
0 to 6°, the height of the layer H = 95 mm, and the assembly of spheres was 580 mm long and

300 mm wide. The upper and lower parts of the gas-permeable assembly were made of wire
" gauze.

The experiments on the layer of spheres were performed at velocities from 0.18 to 0.8
m/sec. During the experiments the velocity distribution was monitored in six equally spaced
cross sections, and the pressure drop Ap in the layer was measured. In Fig. 1 the insert is
a schematic diagram of the experimental apparatus, and the points show the test cross sec-
tions. In each cross section the local velocity was measured every 10 mm with a constant-
temperature thermoanemometer.® The pressure drop was monitored with an inclined micromanom-

*A. A. Shishimarov and A. N. Gavrilov helped with the experiments.
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Fig. 1. Distribution of local velocity Wy
over width of assembly of spheres as a func-
tion of distance Afromwall forh=0mm, o=

4°, Wy, = 0.789 m/sec: 1-6) different
directions of displacement of transducer
within layer of spheres (test cross sections);
7) distribution of local velocity W; near
wall, averaged for each distance A from wall;

- =-) average velocity of gas through appa-
ratus Wép.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 320-321, November, 1982, Original
article submitted October 10, 1980; revision submitted February 22, 1982.
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eter. Repeated calibration of the thermoanemometer transducer after the experiments were
completed showed good reproducibility of the calibration curve. The maximum deviation did
not exceed * 1.5%.

A typical velocity distribution in the layer of pellets is shown in Fig. 1. From the
results in [1, 3-5], one might expect that the velocity of the gas would be higher near the
wall than in the central part of the assembly. Experiments in [5] with identical spheres
showed that the maximum velocity should be found at ~ 2 sphere diameters from the wall. Figure
1 shows that the flow velocity varies from 0.5 to 1 m/sec in the central part of the assembly
of spheres, and from 0.6 to 1.4 m/sec near the wall. The increase in the local velocity Wj
as the wall is approached is pronounced for test sections 1, 3, and 5, but is less noticeable
for cross sections 2 and 4. In cross section 6 the velocity decreases. This is clearly due
‘to the random orientation of the thermoanemometer transducer with respect to a sphere. In
order to recognize the laws of the gas distribution, the local velocity Wi must be averaged
over all six cross sections for each distance A from the wall (curve 7 on Fig. 1). The aver-
age velocity Wi increases with decreasing distance A from the wall. Thus, while far from
the wall, where A = 40 mm, Wi = 0.77 m/sec, at A = 10 mm (the nearest approach of the trans-
ducer to the wall) Wi = 1,06 m/sec. This effect is accounted for by the increase in the
local void fraction € with decreasing distance from the wall for a fixed layer of spheres

[6].

A statistical analysis of the measured values was performed with the program described
in [7]. The total degree of irregularity of the gas distribution in the layer of spheres
was estimated with the relation [7]

mn _
23 | Wij—Wapl

i=1
= | = | 100%
A mnWap °

which characterizes the average scatter. Here m is the number of test cross sections; n,
number of test points in a given cross section; Wjj, local velocity at the i-th point of the
j-th cross section; and wap’ average velocity of the gas through the apparatus.

It might be expected that the function § = f(a) for Wy, = const should have a minimum
corresponding to the optimum value of a of the baffles forming the diverging and converging
headers.

Measurements of the velocity distribution showed that over the whole range of velocities
tested, the largest deviations of the Wj values of Wj, the average velocity over the j-th

cross section, from W, occurred in the first and last cross sections of the assembly traversed

by the gas. P

The measured velocity distributions can also be used to estimate the nonuniformity of
the temperature distribution in the reactor. Possible overheating of the spheres can be
estimated as the ratio of the minimum flow rate of the gas in the assembly to the average
over the apparatus: Wi pin/Wap, where Wi min is the arithmetic mean of the local velocities
which are lower than W, . Figure 2 shows that this ratio is minimum for o = 4°. We note
that as Wy, is increaseg, the ratio Wi,min/wép decreases somewhat. An increase of o from 1
to 4° with identical flow rates leads to a certain decrease in the ratio W&/Wép.

The effect of the height h of the dead end, located at the end of the converging and the
beginning of the diverging headers, on the gas distribution within the assembly as a0 was

g 73Wimin / Wap
877} \\\\\O’////
076+

L 1

izlélissd,deg
Fig. 2. Effect of o on
the ratio Wi, ,min/Wap.
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Fig. 3. Comparison of our re-
sults with data of [8]: 1) ideal
gas distribution; 2) curve from
[8] for width of diverging and
collecting headers h = 40 mm and
a = 0°; spheres were shot 2-2.5
mm in diameter, & = 0.34-0.35;

3) our results for h = 0, a =

4°, scaled to a diverging header;
L, length of assembly; X, run-
ning distance from end of as-
sembly to j-th cross section.
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Fig. 4. ¢ as a function of o forh=0mm: O, A, O) Wap =
0.78, 0.36, and 0.17 m/sec, respectively.

Fig. 5. ¢ as a function of the Euler number Eu, for ex-
perimental apparatus with spherical packing and o = 4°,

insignificant in the range tested, where h/L = 0.025-0.105. When o was increased from 1 to
4° at identical flow rates, the deleterious effect of the dead end increased somewhat, and
an increase in h from 15 to 53 mm for a constant angle o = 4° led to an increase in y over

the whole cross section of the assembly by ~ 20%.

We compared the results in [8], where the gas distribution was studied in a reactor with
spheres of approximately the same size, and also for a Z-shaped path of the gas through the
apparatus but without a converging header, with our results, scaled to a diverging header,
i.e., to the conditions in [8]. The comparison showed that our construction with a converg-
ing header with o = 4° and h = 0 is preferable (curves 2 and 3 of Fig. 3).

In processing the experimental data on Y as a function of o for various values of Wép,
it was established that all the experimental points are correlated by the single curve of
Fig. 4, and consequently the velocity Wyp has practically no effect on y. Figure 4 also
shows that the optimum value of a for spﬁeres is 4°, since at this value ¢ has a minimum over
the whole range of velocities tested. This conclusion agrees with that drawn above on the
basis of other criteria.

The dependence of Yy on the Euler number Euy, (Fig. 5) can be established from the mea-
sured values of the head loss, where Eup = Apez/HSSpWZ; Wo is the gas velocity in the calcu-
lation at an empty cross section of the assembly; p, density of the gas in kgesec?*/m“; and
Sg, specific surface of the spheres in m?*/m®. -
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The results of the investigation can be used to develop computational procedures. It
is necessary to take account of the fact that the maximum increase in the velocity of the
gas flow, and therefore the greatest heat removal from spherical fuel elements, is most prob-
able near the assembly walls, and that the greatest overheating of the spheres occurs in the
central part of the assembly, where there is the-largest number of points at which the local
velocity is below the average velocity of the gas through the apparatus. The experimental
apparatus for o = 4° ensures the best gas distribution in a layer of spheres as compared
with similar reactor assemblies, but without tapering headers, of the type described in [8].
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A NONDESTRUCTIVE METHOD OF DETERMINING THE Pu/U RATIO IN FAST
REACTOR FUEL ELEMENTS, BASED ON X-RAY SPECTROMETRY

A. V. Bushuev, V. I. Galkov, A. V. Zbonarev, UDC 621.039.516.22
A. F. Zolotov, A. A. Kutuzov, '

N. A. Mel'nichenko, V. N. Ozerkov,

and V. V. Chachin

The bulk analysis of the element composition of spent fuel in the conditions existing
at nuclear power stations is possible only on the basis of simple low labor-consuming meth-
ods, which provide acceptable accuracy for small time intervals. From this point of view,
the methods of y- and x~ray spectrometry are promising, the advantages of which increase in
proportion with the improvement of detectors and analyzing equipment.

In the present paper, the problems for determining the ratio of Pu/U in fast reactor
spent fuel elements are considered by recording the x radiation excited by fission product
radiation. After a preliminary analysis, it was established that the KOL1 lines of uranium
(E = 98.43 keV) and plutonium (E = 103 and 7 keV) are the most promising [1]. A spectro-
metric system is necessary for their observation, with an energy resolution in the stated
energy range of not more than 600-700 eV.

X-ray semiconductor spectrometers satisfy these requirements. Ge (Li) spectrometers
were used for the measurements, with a beryllium inlet window and with a cooled first cascade
of the preamplifier. The experiments were conducted with spent fuel elements from a fast
reactor core. The fuel was uranium dioxide and the cladding was stainless steel with a thick-
ness of 0.15 mm. The fuel elements were placed on a carriage, which moved by means of an
automated system. The radiation from the fuel element entered the detector through a colli-
mating system.

When measuring the radiation spectra of the fuel elements in the energy range 90-140
keV, it was established that the lines of the characteristic x radiation of uranium and pluto-

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 322-323, November,rl982. Original:
article submitted April 27, 1981. '
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nium can pe alstingulsned 1n the total spectrum. The sources of excitation of the x radia-
tion are the fission product y quanta. The contribution of other sources, as. estimates show,
can be neglected [2]. The number of x-ray quanta of the i-th element Ii is related with the
content of this element in the sample Nj, the K-radiation functions WK, and its yield W§, by
the following relation:

Ii= NW; X 1171-'(.

The excitation function can be written in the form of the product of the photoeffect
cross section in the K shell 04(E) and the y-quanta flux ¢Y(E) (Eé is the photoeffect thresh-
old)

(-]
WwK= s aly (E) Oy (£) dE.
oy
Taking account of the dependence of the photoeffect cross section on the Y-quanta energy, we
finally obtain

Y )
- ( ,L_,.\,u )
| [y (E) E dl;
U K
Npu__fpu( Zy )5 1_FEK W

Ny - Iy Zpy u,-:f” :

Vowy By Esyar

[l j

In order to evaluate the ratio of the integrals, it is'necessary to know the y-emission
spectrum of the fission products NY(E ) in the region of high values of EU. In order to
construct the actual spectrum N%(EY) ¥rom the measured spectrum, it is necessary to intro-
duce a correction for the self-absorption of the y radiation, and to take account of the
change of efficiency in recording the quanta as a function of their energy. By using the
corrected spectrum Ny(Ey) and the summed values of N'v(E)/E® in the range up to 300 keV, the
following value was obtained for the ratio Wy/Wp, for the samples investigated:

Wy -~( As; )ﬁ 14-(0.040 + 0.004)
Wl’u - Zl)u [ [(. - ]

The following factors can influence the measurement results:

1. TInadequate distribution of uranium and plutonium along the radius of the fuel ele-
ment. This effect depends on the neutron spectrum in the reactor and the diameter of the
fuel element. In consequence of the low effective cross section of the 238U(n, y) reaction
in the core of the fast reactor, and the small diameter of the fuel element, the plutonium
is distributed uniformly along the radius of the fuel elements from the reactor core.

2. The different absorption coefficients of the Ko, x-ray quanta of uranium and pluto-
nium are the reason for the slight difference in the probability of their absorption within
the fuel elements and in the efficiency of recording these quanta with the detector. The
total influence of these effects on the result of measuring the relative intensity of the
Ky, and Ky, x-ray lines of uranium was investigated. The value obtained experimentally dif-
fered from the theoretical value by 0.5%, for an energy difference of 3.8 keV. As the ener-
gy differences of the Ky, lines of uranium and plutonium is equal to 5.2 keV, it can be ex-
pected that the correction does not exceed 1%. The reason for such a low value is the mutual
compensation of these effects, as both the self-absorption and recording efficiency are re-
duced with increase of the radiation energy.

The proposed method was tested practically by carrying out a number of experiments with
) fast reactor fuel elements. The values of the Pu/U ratio obtained, averaged over the height
of the fuel elements, coincided within the limits of the measurement error with the data of
gravimetric determinations.

Thus, the possibility is shown for discriminating the x-ray emission lines of plutonium
and uranium in the emission spectrum of spent fuel elements by means of a Ge (Li) spectrom-
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eter. The accuracy in determining the Pu/U ratio by the method of recording the x-ray emis-
sion is estimated. With a deep fuel burnup of ~4%, the accuracy of the analysis can attain
3%. The time expenditure for this amounts to 5-10 h. The analysis time can be shortened
by a factor of 5-10 with the increase of the transmission power of the measurement circuit
(in the experiments described, the total loading did not exceed 2 kHz, and it is possible to
increase it to 10 kHz) and an increase of the energy resolution (for the best Soviet spectrom-—
eters it attains 450-500 eV for Ey = 122 keV). The reliability of the data is confirmed
by comparison with the results of gravimetric determination. The procedure for the nonde-
structive determination of plutonium buildup in fast reactor fuel elements has been developed
and tested.
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CALCULATION OF ENERGY LIBERATION IN THE LOOP CHANNELS
BY THE MONTE CARLO METHOD

V. A. Antonov, F. M. Arinkin, UDC 621.039.134
G. A. Batyrbekov, A. A. Blyskavka,
V. V. Sinyavskii, and Yu. A. Sobolev

In testing the loop channels (LC) in experimental reactors, it is important to know the
absolute value of the heat liberation in the fuel composition of the LC. This question be-
comes especially critical in testing fuel elements in a reactor, where several independent
experiments are being performed at once and the power level of the reactor cannot be estab-
lished arbitrarily. In this case, the LC construction must be developed so that at a given
power level the required heat liberation in the LC is ensured.

Calculation of the heat liberation is associated with certain difficulties. The pres-
ence in the LC structure of absorbing screens, moderators, and fissile materials, and also
the clearly expressed heterogeneity over the radius and height of the channel, necessitates
the neutron-physics calculation of a reactor with LC in three-dimensional geometry, with
precise separation of its basic elements and the use of a sufficiently high approximation of
the transport equation. These requirements may be most completely satisfied using the Monte
Carlo method. At present, a library of modules for reactor calculation by the Monte Carlo
method has been developed [1], allowing a program for the calculation of the given reactor
composition to be assembled, by special programming means, from individual modules [2]. In
particular, the library includes modules by means of which a program for the calculation of
a reactor with "cylinder-in-cylinder" geometry (a geometric structure of the reactor con-
sisting of a set of parallel cylinders of identical height, enclosed by a cylinder of larger
radius) may be obtained. The volume of each cylinder, after the removal of the cylinders
which it contains, may be filled by a material which is inhomogeneous over the height. The .
boundaries of the homogeneous volumes are planar and are parallel to the end-plane of the
cylinder.

The neutron trajectories in this geometry are modeled in a multigroup transport approxi-
mation using the BNAB system of constants [3]. It is assumed that the elastic scattering
on all nuclei except hydrogen is isotropic in the laboratory coordinate system, but the cross
section of such scattering is replaced by the ''corrected transport' cross section [3]. The
elastic cross section for hydrogen is accurately modeled within the framework of the group
approximation. Inelastic scattering is assumed to be isotropic in the laboratory coordinate
system.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 323-324, November, 1982. Original
article submitted July 14, 1981; revision submitted January 25, 1982.
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Reactor characteristics such as Kef, the mean value of the sources of secondary fission
neutrons, and the group-mean neutron fluxes in individual regions of the reactor are also
calculated. Because of the small volume of the operative memory of the computer, the statis-
tical error is only calculated for Kef (for the results below, AKef = 0.03). The parameters
of the neutrons from the source are chosen by the generation method.

To calculate the heat liberation, the value of the source functional of the secondary
fission neutrons is used, with the analytic expression

Q= HS v (E)Zs(r, EYD (r, E, Q)drdE dQ, (1)
v, ‘

where all the notation is conventional, and integration is taken over the volume V7. To calcu-~
late this functional in the program, estimation from the collision density is used

T
1 " >
Q=7 222 (vét! )j,v'-m' "

j i=tm

Here n is the number of generations; T, number of neutrons in the generations; j, running
number of the n-th generation; i, running number of neutrons in the j—th generation; m,
running number of neutron collisions; and L¢lf, group-mean total cross section of interac-
tion and fission. The summation is taken within the limits of the I-th homogeneous zone.
The normalization of the mean values of the fission-neutron sources takes the form

_ Qv
NTov
2) Qul a.z (3)

A.Z

!

Multiplying and dividing Eq. (3) by)&f'z an expression expedient for calculating the specific
energy liberation is obtained

Qv EE
1= E Qz/Va.z v 32 4, (4)
a,Z

where k is the number of fissions corresponding to a 1-W thermal power of the reactor; Va.zs
volume of all the zones containing fissile material; v 8:-Z mean yield of secondary neutrons

in one fission event over all the zones containing fissile material; qéz), mean specific

heat liberation in the volume V75 Ao, mean specific heat liberation for all zones containing
material with a 1-MW reactor power. In water—water reactors, the main contribution to. the
heat liberation in fissile zones is that of neutrons of thermal and intermediate energy.
.The contribution to the heat liberation from fissile 22°U nuclei is very small, and there-
fore the value of 3?‘2 is known sufficiently accurately.

The heat liberation was calculated per 1 MW of thermal power of the reactor, i.e.,

1Qz/kvE*? = 10° W. As a result, the specific energy liberation in the Z-th zone is calcu-
lated as follows:

AOC-_-: qv, W/(cm3 'MW) ,
where

A=AV, 5, W/em®,
Calculations of the heat liberation by the given method allow the contribution to the total
heat liberation coming only from the reaction (n, f) to be determined; the contribution from
neutron moderation and y quanta is not taken into account. In the neutron-physics calcula-
tion, neutron thermalization is also not taken into account. The calculations are performed
for two loop channels. The following mean values of qy over the whole sample are obtained:
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Fig. 1. Diagram of the mock-up position
in the active zone: 1) Lateral reflector
of the reactor; 2) external absorbing
screen of boron carbide; 3) calorimetric
detectors; 4) internal absorbing screen;
5) ampul with samples; 6) active zone

of the reactor; 7) physical model.

In the case of ampuls with an outer screen, 45.0 (calculation) and 58.3 (experiment); for
ampuls with an inner and outer screen, 29.5 (calculation) and 34.8 (experiment). Up to
100,000 histories are considered in order to obtain sufficient accuracy; the length of the
mean history (depending on the geometric dimensions of the calculated ensemble and its com-
position) in this case is 0.3l sec, and the number of generations is 200.

Investigations with two physical mock-ups of the LC were performed for experimental
verification of the effectiveness of the mathematical model. Energy liberation in the sam-
ples was measured by thermodivergator-calorimeters [4]. A diagram of the positioning of the
mock-up in the active zone of a VVR-K reactor is shown in Fig. 1.

An external absorbing screen containing boron carbide with a natural isotopic mixture
is attached to the body of the mock-up. At the center of the mock-up, ampuls with samples
of fuel composition (uranium dioxide of 90% enrichment) are placed; an additional internal
screen of boron anhydride is placed in one of the ampuls. The samples are placed at 68-mm

intervals over the height of the ampuls, symmetrically with respect to the center of the ac-
tive zone. ‘

As is known, the heat liberation from the (n, f) reaction and the Yy component of the
reactor radiation are determined by the calorimeter. For comparison with the results of the
calculation, it is necessary to isolate the component of the y radiation, which is calculated
by the method described in [5], in the physical measurements.

The basic contribution to the discrepancy of the calculation from the experimental data
comes from the error in the experimental data, the statistical error in the results of the
calculation, and the error due to neglecting neutron thermalization in the calculation. How
the influence of neutron thermalization is taken into account may be verified by specifying
the macroscopic constants of the thermal group obtained by particular methods.

Comparison of the calculated and experimental values of qy shows that they are in satis-
factory agreement, and the method of calculation may be recommended for determining the heat.
liberation in experimental reactor devices having high gradients of the neutron field in the
case of heterogeneity of the construction. The total heat liberation in the fuel composition
of the LC may be obtained on the basis of the results of calculated and experimental values
of the spectral parameter of the reactor y radiation.
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INVESTIGATION OF THE STRUCTURE OF Kh18N1OT
STAINLESS STEEL, IRRADIATED WITH FAST NEUTRONS
AT A TEMPERATURE OF 300°C

Sh. Sh. Ibragimov, V. F. Reutov, UDC 621.039.531
S. P. Vagin, and B. D. Utkelbaev ’

From experiments on prolonged annealing, it is well-known that stainless austenitic
steels are metastable at a quite high temperature [1]. The action of neutron irradiation
also leads to the appearance of new phases which are absent after normal heat treatment (2,
3]. As a result of this, the main bulk of experimental results has been obtained at an irra-
diation temperature exceeding 400°C [4, 5]. However, there is a definite interest in the
results of a study of the structure of austenitic steels subjected to irradiation by neutrons
up to high fluence values (v 10%° neutrons/m2?) at a lower irradiation temperature. '

For this purpose, an electron-microscopic investigation of the structure of Kh18N1OT
stainless austenitic steel, irradiated with fast neutrons up to a fluence of 5.8:10%° neu-
trons/m®> (E> 0.1 MeV) at a temperature of v 300°C, was carried out. The corresponding level
of damage amounted to 33 displacements/atom. Samples of Kh18N1OT steel were used as the sub-
jects for the investigation, austenitically treated at 1500°C during 30 min, from which
regular sheaths were prepared for the fuel elements of the BN-350 reactor. For comparison,
unirradiated samples were also studied, together with the irradiated samples, and were sub-
jected to the same thermochemical treatment.

During the investigation of the structure of the unirradiated samples, the presence of
irregular buildups of dissociations and also of packing defects of small concentration, and

Fig. 1. Dark-field image of the original
structure of Kh18N1OT austenitic stainless
steel with § = (131).

Translated from Atomnaya ﬁnergiya, Vol. 53, pp. 324-325, November, 1982, Original ar-
ticle submitted September 25, 1981,
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Fig. 2. Light-field image of the structure of
Kh18N10T austenitic stainless steel, irradiated
by fast neutrons up to a fluence of 5.8.102%¢
neutrons/m® (E> 0.1 MeV) at a temperature of

A 300°C (axis of zone [001]).
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Fig. 3.  Histogram of the distribution
of finely dispersed formations in
Kh18N10T austenitic stainless steel,
irradiated with fast neutrons up.to a
fluence of 5.8+10%° neutrons/m® (E>
0.1 MeV) at a temperature of ~ 300°C.

of segregations of different size from those usually present in steels of this type, was
revealed in them (Fig. 1). : '

The irradiated steel samples are characterized by an increased (in relation to the
original sample) dislocation structure, forming a "dislocation forest." In addition to this,
a high concentration (6+1022 m~>) of finely dispersed formations is observed, with sizes from
1 to 17.5 nm, uniformly distributed throughout the body of the grain (Fig. 2). From the

histogram of the distribution of these formations with respect to size (Fig. 3), it can be

seen that their size is mainly <4nm. As a result of this, the accumulation of similar de-

fects does not create additional reflections on the electronogram (see Fig. 2). When studying
the nature of the images of the formations being investigated in different diffraction con—
ditions, it was established that, firstly, they all have a moiré striated contrast; secondly,
in the twin-beam dynamic conditions, they do not form a black-white contrast, which is char-
acteristic for the buildup of these radiation defects. This allows the conclusion that the
observed finely dispersed formations represent segregations. In this connection, by means

of the D-2-1/2 procedure [6], the presence among them of phases of the types "injection" and
"subtraction" was established.

782

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010005-6




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010005-6

After annealing the samples in the range 500-700°C, it was found that the -concentrations
and sizes of the finely dispersed segregations were markedly reduced with increase of the an-
nealing temperature and, primarily, the segregations with a size of up to 4 nm disappeared.
This disappearance of the segregations without the formation of dislocation loops or the ac-
cumulations of dislocations confirms once again that these segregations cannot be considered
as accumulations of radiation defects.
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NEW CLASS OF BOUNDARY INTEGRAL EQUATIONS
OF NEUTRON-TRANSPORT THEORY

B. D. Abramov UDC 519.9:621.039.51.12

The solution of boundary problems for integrodifferential equations of neutron trans—
port in media with piecewise-constant (with respect to the spatial coordinate) cross sec-
tions, as is known [1, 2], may be reduced to the solution of linear boundary integral equa-
tions (BIE), with subsequent recovery of the neutron flux density with the given homogeneous
zones according to any analytic formula. This is the essence of the BIE method.

At present, two main classes of linear BIE are known: integral equations of Fredholm
type, the core of which consists of fundamental solutions (Green's functions) of the cor-
responding transport equations, and singular integral equations. In the present work, the
existence of a new class of BIE, which are also integral equations of Fredholm type but have
cores of a simpler structure, is established. For example, for problems consisting in the
solution of the equation

— c ’ ’

1
in the convex region G < R; bounded by a piecewise-smooth surface T of class C( ), with a
boundary condition on T

VP (a, Q)::f(-'ry Q)v Qn(l)<0v zeT,

(2)
the corresponding new BIE may be written in the form
g YR @) (s Q) D (e, Q)= ) dQ’ S dy’ x
r T
(3)

XQnu ()P (&'y Q—Q'n(z') Y (z', )] S dte™tD (0 —2' Q'L Q),
0

where D(z, 9) = e”® §(a, 2)8(R, 2); Q, @, B are mutually orthogonal unit vectors; n(x'), unit vector
of the external normal to I'; f, known functions; Qn(z'); (9, 2); (@, 2); B, 2) , scalar products of the
corresponding vectors in Rs; 8(x, z), 8(B, =) , Dirac delta functions of the given sclar products;

and S dy’... , integral over the surface T.
P

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 325-327, November, 1982. Original
article submitted December 15, 1981.
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Since at almost all =z €xn, and =z6I' such that Qn(z) >0

S dy'Qn ()P (a', Q) D(x—2', Y=
T .

(4)
= (29 010, Q) —F (2o + g, ) e=H'7H),
where =gy, z, are orthogonal projections of the region G and the vector x on the plane (9,2 =0,
and, at given z.n, the points 1,4, # >¢, are points of intersection of T with the straight
line z,+ Of, — o0 <t < » , then, rewriting the right-hand side of Eq. (3) in the form

L exp(mp—la—a'—Qp )
dy S dp Tz —Qp|? X

o (5)
[@n (=) (2, Q—on (&) Y5 0)],

=1
4T
Iy

X

where o= (z — 2 — Op)/lz—2 — Op| , it may be shown that the BIE in Eqgs. (3) and (2) is an
integral equation of the second kind for the functions ¥(z, @), On(x) >0, z€l.

Explicit solution of Eq. (1) from a sufficiently broad class of functions including the
solution of the initial boundary problem in Eqs. (1) and (2), evidently satisfies Eq. (3).
This follows, in particular, from the relation

S dy'Qn (@) (z', QD (x—z', Q) :S dz’ (QV¢ (&', D4V (&, D] D (@e—z', Q;
T G

j aQ’ S WU @)Y, Q) S dtetD (x—z' —Q't, Q) =
- r 1]
e ~S a2 S da'p (', Q) D (v—a', Q)+

' . (6)

+ ) e [ ar@vpw, @)ve, 91 | detn @ —a, oy
G - 0 :

2

Y dte~tD (z—z'==Q't, Q)=

e —

' 5 ao’ S dy'n (Y () Q)
r

o

)

_ S‘dQ’ g &2’ (@Y (', D+ D] S dtemtD (z— ' —Q't, Q),
b 0

which is a generalization of the Ostrogradskii—Gauss formula, taking account of equations of
the type Qvd(a, z) = (@, @)@, 2) == 0 for (¢, a)=0, and the identity

S(a, z—a —Q' 8B, =z —=Q't)=
v L : , o (7
- 3 ApS [t — (@', z—2' —QP)] B (@, z—2'—Qp) 8 (B, z—'—QP)
where o, p' are such that (@, «)= (@ B) =@ F)= 0, ja"|=|f|=1

It may be shown, further, in the class of functions written in the following form for
e, On(z) >0

o 9= st Q@) — | dvon @)@, VB @z D,
& _ T (8)

where Q is some function summed in G; € (z,8) = e~ &%) 9(0,2)6(x,2)6(B,z), solution of the equation
QVE + % = 6(z); and 6 unit Heaviside step function; that the BIE in Egqs. (3) and (2) does not
have a solution differing from the corresponding limiting values of the solution of the prob-
lem in Eqs. (1) and (2) on the surface T.
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In fact, noting that if Q is the solution of the Peierls equation

PIOIE) = Q@) 7 | a2 [ ars e -2, Q)+ [ a0 [ aren @)@, 98 G—a, 0)=0, 9
J

G
then 0@)==@Mn)gd9w@,ﬁh , while Eq. (8) is the solution of the problem in Eqs. (1) and (2),

Eq. (8) is substituted into Eq. (3), taking account of Eq. (6). The result is S dz'D (z — z', Q)

G

P{Ql (') =0 . Since for z¢Tl, such that Qn(z) >0, S dz'D{z — z', @), P[Ql{z") = de"é’(z — 2, MPLQ] (=),
. G G

it is readily evident that all the solutions of the subsequent equation differing from the

Peierls equations are equal to zero on substitution into Eq. (8) for (z 2),Qn(z) >0, z€T

which is what was required.

b

Note that in the spaces Lp(I') the functions ¥ with the norm || i, = {S dszgvdyszu(x)u[szn(x)] | e

@Q) | »Y/r, 1< p <o, the BIE in Eqs. (3) and (2) are uniquely solvable if, say, 2cdc’ <1, where
d is the diameter of region G.

The BIE in Eqs. (3) and (2) and analogous BIE for more complex problems may be derived,
e.g., from the corresponding equations of [2]. In particular, the BIE in Eqs. (3) and (2)
are equivalent to Eq. (3) with the conditions in Eqs. (2a) and (2b) of [2]. They allows the
neutron flux at the boundaries of the homogeneous zones and at the external surface to be
determined without solving the corresponding transport equations inside the given zones, and
may be may be used to construct new numerical schemes of the BIE method.
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INFLUENCE OF RADIATION HISTORY ON THE SWELLING OF STEEL

N. A. Demin and Yu. V. Konobeev UDC 621.039.548.34

The large scatter observed in data on the radiational swelling of austenitic stainless
steels may be associated with the radiation history, together with the influence of other
factors, e.g., variations in composition, thermomechanical treatment, and the dependence of
the swelling on neutron flux density. The final swelling of the steel in a fast reactor may
depend especially strongly on the preliminary irradiation at reduced temperature up to small
fluxes, at which a high concentration of sinks for point defects in the form of small pores
and dislocational loops appears in the material. This is indicated by the reactor data of
[1], and also by imitational experiments on the irradiation of stainless steel by electrons
in a high-voltage microscope. According to these experiments, the temperature curve of
swelling is shifted toward lower temperatures as a result of "seeding" the pores in prelimi-
nary irradiationup toa small flux at low temperature [2]. There are interesting results on
the modeling of preliminary low-temperature irradiation on the basis of a theoretical model
allowing the kinetics of pore formation in austenitic stainless steel irradiated in a fast
reactor up to 72 shifts/atom to be satisfactorily described [3]. Calculations were per-
formed for a rate of damage creation K = 107° shifts/atom*sec. Two sets of irradiation con-
ditions were considered, as follows: ' ‘

1) "Seeding" the pores at temperatures of 400 and 500°C by irradiation to 5 shifts/atom,
with subsequent irradiation at a temperature of 400-700°C to a total damage of 70 shifts/atom;

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 327-328, November, 1982. Orig-
inal article submitted January 11, 1982. '
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Fig. 1. Temperature dependence of the swelling of austenitic stain-
less steel in the initial annealed state according to the predictions
of the theoretical model. The total defect-forming dose was 70
shifts/atom; the solid curve corresponds to irradiation in constant
conditions and the dash-dot and dashed curves to preliminary irra-
diation by a dose of 5 shifts/atom at 400 and 500°C, respectively.

Fig. 2. Calculated temperature dependence of the swelling of austenit-
ic stainless steel at a total dose of 70 shifts/atom, of which doses

of 1, 5, 10, and 30 shifts/atom are accumulated by preliminary irra-
diation. '

2) irradiation at 400°C to 1, 5, 10, and 20 shifts/atom, and then at temperatures of
400-700°C up to a total damage of 70 shifts/atom. ' ’

A total damage of 70 shifts/atom was chosen for two reasons — with a view to comparing
the results of calculation with experimental data [4] on the swelling of steel 316 in the
annealed state, and because the process of pore coagulation plays no significant part at a
damage of 70 shifts/atom. (This process was ignored in [3].) The results of calculating
the temperature curves of swelling for conditions 1 and 2 are shown in Figs. 1 and 2.

It is evident from Fig. 1 that '"seeding" the pores at low temperature leads to a shift
in the temperature curve of swelling toward higher temperatures. The swelling is reduced in
the range 500-600°C and the temperature dependence is '"'smoothed," which may facilitate the
stability of the geometric dimensions and form of parts of the fast-reactor active region.
This is explained in that the vacancy pores formed as a result of low-temperature "seeding"
partially dissolve during the subsequent irradiation at higher temperature. The effect is
.especially clearly expressed in the case of "seeding" of pores at 400°C. The optimal dose
of preliminary irradiation at 400°C was found by calculations for the second set of irradia-
tion conditions (Fig. 2). It may be seen that there appears a minimum on the swelling curve
in the region of ~550°C after preliminary irradiation to 5 shifts/atom; the depth of the mi-
nimum increases with a rise in preliminary dose. Since it is desirable to use material with
a weak temperature dependence of swelling in order to avoid bending of the fuel-element
casings in fast reactors, irradiation to 5 shifts/atom is optimum.

Thus, the theoretical model developed [3] predicts a fairly strong influence of pre-
liminary low-temperature irradiation on the swelling of the stainless steel in the fast re~
actor. This permits the conclusion that the scatter of reactor data on the swelling of
steels is partially explained by the different radiation history of samples in a fast reac-

tor.
LITERATURE CITED

1. V. I. Shcherbak et al., At. Energ., 46, No. 2, 91 (1979). -
2. M, Makin, G. Walters, and A. Foreman, J. Nucl. Mat., 95, 155 (1980).

786

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010005-6




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010005-6
3. N. A. Demin and Yu. V. Konobeev, At. Energ., 48, No. 1, 20 (1980).

4.  T. Kenfield, W. Appleby, and H. Busboom, J. Nucl. Mat., 75, 85 (1978).

DETERMINING THE RELAXATION LENGTH OF A FLUX OF MODERATED
AND THERMAL NEUTRONS ON THE BASIS OF THE P, APPROXIMATION

I. A. Kozachok and V. V. Kulik ' UDC 621.039:5:53;
550.832.53

In order to describe the spatial distribution of neutrons in protective materials and
in geological and other media using the relaxation length, it is desirable to have analytical
relations between this parameter and the neutron age, the diffusion length, and the asymp-
totic relaxation length. The corresponding calculation formulas for moderated (subthermal)
and thermal neutrons may be obtained using the theory of the retardation and diffusion of
neutrons based on the P, approximation of the spherical harmonic method [1-4].

Consider a plane, isotropic, monoenergetic source in an infinite homogeneous medium.
The expression for the retardation density of the neutrons in the given approximation takes
the form [2]

R - 1 .
qm=Bm(AM),R=Vp+R&B=EK;eRM“, .

where Ko(x) is a Bessel function of imaginary argument; R, = 2t/A.; t= L} — A2 /2 , variable
of the type of the neutron age; and Lg, retardation length. As follows from the asymptotic
form of the expression [1l], the parameter Ayg may be regarded as an asymptotic relaxation
length of the moderated neutrons.,

To calculate Agg and Lg, use is made of expressions obtained on the basis of the P, ap-
proximation [3]

L3=9 (ug, ul)+%[a (1o} I3 (ug) +a ('ﬁ) 1 (u)); - (2)
Afs=21b (uo) 13 (ue) +b (u1) 1§ (u1)]. ’ (3)

Here’ O(up, u;) is the Fermi age; u, and u,, initial and final lethargies; Ig(u), free path
length of the neutrons; and

1 (52 Bup N, 1 (éi__ZEﬁ LI
EA—p) \ & 1_;1}’ 3t(d—p V2 g " 15 g e )?

where £ and T* are the mean change and mean square change in lethargy in one collision; U
and p?, mean cosine and mean square cosine of the scattering angle in the laboratory coordi-
nate system; and Aup, mean value of the product of the change in lethargy and the cosine of
the scattering angle. :

The parameter b(u) depends relatively weakly on the composition of the medium and the
neutron energy and is approximately equal to unity. Therefore, as follows from Eq. (3), a
numerical estimate of Aag when i3(v) € li(ve) (which is usually the case for hydrogen-containing
media) may be obtained from the expression

Aas = V 2 1g (ug).
Nas V s (o) (3&)

The result obtained using the P, approximation for the distribution of thermal neutrons
forming in the retardation of fast neutrons [2, 4] for the given source may be written in
the form :

Translated from Atomnaya ﬁnergiya, Vol., 53, No. 5, pp. 328-330, November, 1982. Original
article submitted January 15, 1982.
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% Vz—2’|

1 )
Or@={gmy | 0 L UteENe@) e+ am), (4)

— o0

where

6 (9= 25,12 — Ot [1—Fo KalRiNag 7.,
(1 —p) EAZ R Ky (R/Aas)

_ 4 Za
3 —_
Sq- 5 (1=1) 3,

s A+Dps -
A= SBGZZ- ’ Etr:za‘f‘“—l‘) Zg;

L is the diffusion length of the neutrons; I,,, I, and Ig are macroscopic cross sections
(transport, absorption, and scattering) of the thermal neutrons. The parameters of the
moderated neutrons are taken at the "junction'" energy E* of the spectra of the moderated and
thermal neutrons or, practically without loss in accuracy, at a value of the mean thermal
neutron energy E = 0.025 eV.

Analysis of Eq. (4) shows that the corrections introduced in the given approximation in
the elementary theory of thermal neutron diffusion are usually small [2, 4]. The main in-
fluence on the accuracy of calculating the thermal neutron flux in the P, approximation is

"exerted through the zero harmonic of the retardation density in Eq. (1), which plays the role
of the thermal neutron source function in Eq. (4) at e = pz = 0.

Setting the corrections e and p. equal to zero, the expression for ¢p(z) is written in
the form '

o

@y (5= .,\;I T {('_:/]‘ (io Il g2y de’ 42 \' sh i q(s')d:’}, =0, (5)
0 :

1,

Depending on the characteristic dimensionless parameter B = L/Agg, it is easy to find
asymptotic expressions that are expedient for analysis and calculation from Eq. (5)

Do 2 a0 P _-—:—_ . peo J\:\e ‘\':li A
Gty e 1 e s [repe (1p 22 4 ) | Bt 2> (6)
B" —ﬂ”—lz 7
T D=mage— o 1o L TF (B, ) B> 15 22> R 7
Here
C==§0"Ko(ﬁ]/fyLP if)dm
d
- p—1 . BT\
PiB. e T f( 2 “)_j(l/ L Z)
eyl VBt ve+t
N .
where j@)=:zaaﬂi4—pﬂﬂl is an auxiliary function used in approximating the probability inte-
n=1

gral (a,, p are numerical values) [5].

Equations (6) and (7) have a clear physical meaning. The first is a particular case of
the asymptotic expansion of ¢y in powers of g?*

N T2 K (RN Aas B (R/Aa) 7
(=g () {14 B 7 7w vl S B EE (8)
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It shows that, wnen L <lizg, the atrenuation OL the thermal neutron Ilux 1s mainly determined
by the distribution function in Eq. (1) for the moderated neutrons; as 8-+ 0, the distribution
of thermal and moderated neutrons coincides, apart from the constants. It follows from Eq.
(7) that when L>A,g the distribution function of neutrons from a purely thermal source plays
the main role at large distances from the source; with increase in B8, the relative contribu-
tion of the correction term determined by the distribution of moderated neutrons rapidly de-
creases.

The relaxation length of the neutron flux is determined, within the limits of a layer
of thickness Az = z, — z,, by means of the measured or calculated neutron flux at the points
z, and z,, in accordance with the formula [6]

1 1
m:—&;[lﬂ@(Zl)—lnm(zz)]. (9)
Using Eq. (1), in which the function Ko (R/A,g) is replaced by its asymptotic value
V nAas/@R) e"R/Aas (when R>2A,, the relative error of this substitution §<4.29) the following
expression is obtained for the relaxation length of the moderated neutron flux ' :

1 1 I, — R, 1 n, ——— .
[ U S A N = io= V 20 RE 22 2A,,.
T (5r 70 Az ( Atz v, )’ i i1t = 2Aa, (10)
When :£ 3 R;, Eq. (10) simplifies to give
1 1t 2,
TR Ry WA T v L
or
1 1 1 Az
. —_—— =22 1 =
Ay (2) \as—+ v ChEEn

It follows from Eq. (11) that, whem 22> R} and :» A./2, the relaxation length becomes inde-
pendent of the distance to the source and represents the relaxation length Agg. According

to Eq. (3), the latter is determined solely by the neutron properties of the moderator and
the initial and final neutron energies. At a smaller distance from the source, as is evident
from Eq. (10), the relaxation length depends also on z,, Az, and the neutron age.

For the relaxation length of the thermal neutron flux when B<1l Eqs. (8) and (9) lead
to the expression
1 K .
Ay (24, 2y) = A* (24, 2y) +h (B’ i %)y o (12)

where A*(z, z,) = Ay(z, 2,) where u, = u(E*).

In Eq. (12), the relaxation length 2 ¥ is determined by one of Eqs. (10) and (11), and the
transverse dimension A(p, z. 3;) by the corresponding value obtained from Eq. (8). For example,
when /1> 2A,, 22 B3 , and p* €1, the relaxation length A*(s,2) is determined by the first
formula in Eq. (11) and A8, 2. 2,) by the expression ' '

A Af,
(143

Ay (By 210 23)=——1n .
Az Aas  Dish
8 (15 3545y *3)

When the condition 8> 1 is satisfied, the approximate expression for the relaxation length
of the thermal neutron flux follows from Eqs. (7) and (9) and is different in character from
Eq. (12):

1 1
Ay (21, 2,) = L Aq (ﬁ’ Z1, Zg) (14)

where
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tron flux tends asymptotically to its limiting value Agg, and when B>1, to the value L.

tion length of the thermal neutron flux in water, from planar approx1mately monoenergetic
sources of initial energy Eo = 0.92 and 1.0 MeV [7, 8]. The parameters Ls and Ayg calculated
from Eqs. (2) and (3) when E, = 0.025 eV and Eo = 0.92 MeV are 15.6 em? and 3.53 cm, respec—
tively; when Eo = 1.0 MeV, they are 14.5 cm® and 2.73 cm, respectively. An anomalous de-
crease in these parameters with rise in initial energy is explained by the resonant scattering
cross section at the oxygen nucleus. The same anomalous effect is also noted for the relaxa-
tion length of thermal neutrons, the calculated values of which agree satisfactorily, as is
evident from Table 1, with the experimental data. !

[« NNV B L VU U3

oo ~J
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TABLE 1. Relaxation Length of the Thermal
Neutron Flux from a Planar Source in Water,

cm \ N
Calculation from Eq.| xperimen-
Eg, MeV . 2y, CIML
0 s 22 ((1123)), ((1145)). 5), (9) tal value
20; 30 3,35 — 3,57 3,4
0,92 { o5 35 | 337 ] — | 350 3.4
1.0 { 20; 30 — 3,44 | 3,16 3,0
' 25; 35 — 3,15 | 3,07 2,9
B-1
————2g
1, 1—e © TF@ 2 (15)
2 (ﬁ, 2y, 22)=E ],Il BT .

=z
1'—9 L F(ﬁv zl)'

Equations (12) and (14) show that when B <1, the relaxation length of the thermal neu-

As an illustration, Table 1 shows the theoretical and experimental values of the relaxa-
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ACCOMMODATION LENGTH OF HELIUM IN THE GAP BETWEEN
THE FUEL AND THE SHELL

Yu. M. Golovchenko, V. M. Makhin, UDC 621.039.546
V. A. Neverov, B. V. Samsonov, A. P. Sych,
V. A. Tsykanov, and V. P. Sheshunov

The accuracy of calculations in determining the temperature of various points of nuclear
reactors depends to a considerable extent on knowledge of the thermal characteristics of the
materials and the heat liberation from the mixed reactor radiation in the structural ele-
ments. Refinement of the experimental data used in the calculations is of practical interest.

With the presence of gas layers in the heat-stressed structural elements, correct ac-
count must be taken of the effect of thermal accomodation of the gas molecules [1], leading
to an additional temperature difference in the boundary layer between the gas and the solid.
This effect is especially considerable [2] for powdety materials with a sharp difference in
the molecular weights of such components as the charge of uranium-carbide or uranium-dioxide
particles in the helium. 1In the calculational methods of [l, 2], to obtain the real tempera-
ture difference, the given phenomenon is taken into account by the introduction of the so-
called accommodation length Z,., equivalent to the increase in thickness of the gas layer.

Table 1 shows the literature data on 7,. reduced to the helium pressure P, = 0.098 MPa
and obtained by analysis of the results of measuring the contact heat conductivity of the
two surfaces ate various pressures and compositions of the filler gas. The scatter observed
in the values of 7,. is due to methodological errors of the measurements and the difference
in experimental conditions. In [10, 11], the possibility of varying the properties of gases
in conditions of reactor irradiation was indicated. This may lead to indeterminacy in the
calculational thermal characteristics of thin gas layers.

In the present work, results of investigations in the thermally insulated loop channel
of the SM-2 reactor, with the aim of refining the thermal conductivity of the gap between
the ends of the fuel rods of surface-oxidized aluminum and the stainless-steel shell of
diameter 6.9:107° m and thickness 0.35+10"® m at various pressures of the gas filling the
fuel element (helium), are given.

The method of measuring was considered in detail in [12]. The thermal conductivity of
the gap (ay) was determined from measurements of the thermal power of the fuel element and
the temperature at the center of the fuel rod, and also from the calculated of the internal
shell surface.

The power of the fuel element was found by a calorimetric method [12] according to the
heating of a coolant using a calibrated electric heater with the fuel element introduced in
the active region or removed. For relative measurements of the fuel-element power, a neutron—
flux sensor (''direct charge") was used. The relative error of determining the absolute value
of the fuel-element power is ~6%. The stability of maintaining the fuel-element power in
the course of the experiments with different helium pressures in the fuel element was no
worse than 17%.

A thermoelectric thermometer of type XA in a molybdenum protective square of outer
diameter ~3¢107° m was placed at the center of the fuel rod. Close contact of the thermo-
meter with the rod was ensured by closely placed wire coils of silver between the rod and
the thermometer. As shown by calculations using programs realizing the method of integral
equations [13], the possible radial shift of the rod relative to the shell does not lead to
significant change in the thermometer reading.

It isknown [1] that ap is determined from the formula

Translated from Atomnaya Energiya, Vol. 53, No. 5, pp. 330-331, November, 1982. Orig-
inal article submitted January 18, 1982.
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TABLE 1. Experimental Data on the Accom-
modation Length for Helium Molecules

Measwre

. lae’ | ment Experimental | [jter=
Contact pair 1g-s |tempera-/conditions ature
m ture, K

12Kh18NIT stain-| 43 ~ 300 |Laboratory (3]
less steel—ura-
nium

Aluminum—1ura- 16 ~ 300 " [3]
nium

12Kh18N9T — 10 ~ 300 " [3]
12Kh18N9T

Magnox —uranium 6 — " [4]

Magnox—uranium | 7 | ~ 560 " [5

Aluminum— 13—15| 300—500 n [6]
uranium

Stainless steel— 15 640 * | In-reactor [7]
uranium dioxide

Zircalloy—ura- 11 640* | -The same (7, 8]
nium .

Stainless steel— 25 1370 — 700 " 19]
uranium dioxide )

*In [7, 8], the temperature distribution

i i N L} 1,221
is taken in the form i, (r, l)ffacn(P ?ﬁ)

q
Up =

3 @
and depends on the properties of the filler gas, the dimensions of the gap, and the conditions
of surface contact

7
“1’*'11"]“—_‘—8"——'
e 8(1)-1- 1, (1) T2 (2)

Here qg4 is the specific heat flux from the rod surface, W/m?; AT, temperature difference of
the rod surface and the shell, °K; ayp, component of ap due to the heat transfer through the
'contact spot” of the surfaces, W/m?-°K; Ag, thermal conductivity of the filler gas at a mean

gap temperature T, W/m+°K; 8§(T), gap between the contacting surfaces, m; and P, filler-gas
pressure (P, = 0.098 MPa), MPa.

Analysis of Eqs. (1) and (2) shows that it is more correct to determine I, at constant
fuel-element power and unchanged conditions of shell cooling. 1In this case, the temperature
change at the center of the rod with variation in helium pressure will be due mainly to the
accommodation effect and less (by a factor of 3-5) to the thermal expansion of the rod. When
the condition aypT < oy is satisfied, I5c is proportional, in the first approximation, to the
derivative of the function T = f£(1/P), where T is the temperature at the center of the fuel
element and 1/P is the inverse value of the helium pressure.

To realize the given conditions, the test was performed at the nominal reactor power
with a practically constant fuel-element power and the following basic parameters:

Shell temperature 453-458°K;
Temperature at center of the rod 709-840°K;
Gas pressure in fuel element 0.026-0.780 MPa;
Linear thermal load 24.,3=25.0 kW/m;
Mean gas temperature in gap 578-702°K.

As a result of analysis of the experimental data obtained, the thermal conductivity of
the gap between the rod and the shell was determined (Fig. 1) with various helium pressures
in the fuel element. Taking account of these data, the thermal conductivity of helium [14],
and the coefficient of thermal expansion of uranium [15], the value of the equivalent gap
(Fig. 2) was calculated from the formula

\
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Fig. 1. Experimental values of ay as a function of the helium
pressure in the fuel element: 1) oy at a helium pressure of
0.026 MPa; approximate value opT< 0.0410% W/m?-°K.

Fig. 2, Experimental values of Sequ a@s a function of the in-
verse helium pressure in the fuel element (P,/P).

_ M@ Ty
Bequ o 4—Rra(7k)(TR 754), (3)
where R, is the radius of the outer rod surface, m; o, thermal expansion coefficient of ura-
nium, °K~*; and Tps mean rod temperature, °K.

The thermal expansion of the rod was taken into account with respect to TRy = 754°K
(the mean rod temperature at a helium pressure in the fuel element of 0.071 MPa) .

According to Eqs. (2) and (3), when the condition ayy < ag

P,
G’equ:lacT"'l-a(TR‘)' ) (4)

Thus, the value of 7. js determined as the tangent of the angle of slope of the straight

line 6equ==la;;-+-6 and is (13+2):107° m. It agrees with the results of most works [5-8, 16],

and may be recommended for use in calculation methods (the coefficient of linear correlation
here is K, = 0.998).
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A SCINTILLATION GAMMA SPECTROMETER FOR THE INVESTIGATION
OF ULTRA-DEEP BOREHOLES

E. M. Arm, A. A. I1'inskii, B. E. Metzger, UDC 539.1.074.3
and V. I. Pyatakhin

A study of the spatial distribution of concentrations of natural radioactive elements
(NRE) in situ by the y-radiation spectrometry method has important value for the solution of
a number of geological—geophysical problems arising from the investigation of crystalline
rocks of the abyssal zones of the earth's crust and revealed by ultra-deep boreholes.

In 1980, in the All-Union Scientific-Research Institute of Nuclear Geophysics and Geolo-
gy, a scintillation gamma spectrometer was developed for operating in an environment charac-
teristic for investigations of deep and ultra-deep boreholes (temperature up to 180°C and
pressure up to 170 MPa).

The spectrometer provides measurements in the energy range 50 keV-3MeV and can be re-
constructed in the range 200 keV-10 MeV. The main error in measuring the energy of the
vy quanta does not exceed 3%. The relative energy resolution of the spectrometer with respect
to the 1%7Cs line (661 keV) is not more than 15%, even including a temperature of the environ-
ment of up to 180°C and a maximum total loading of 10“ pulses/sec. The total nonlinearity
of the energy scale of the spectrometer is not higher than 3%, and the instability is not more
than 1%. The equipment allows continuous measurements along the shaft of a borehole to be
simultaneously carried out in four differential channels, and also, in the case of point
measurements, it allows differential spectral histograms to be obtained by means of consec-
utive measurements, with a number of discrete levels of not more than 100. In addition, a
connection for a AI-256-6 pulse analyzer is provided for the same purpose, which makes it
possible to measure the histograms in parallel over 256 channels.

Autostabilization of the energy scale with respect to the characteristic line in the ra-
diation spectrum being investigated or with respect to the line in the spectrum of a refer~
ence isotopic source installed in the collimator is provided in the equipment, the design of
which allows the intensity of the reference source to be adjusted.

The spectrometer represents a borehole logging-measurement system, constructed on the
basis of an optimum linear telemetry channel (OLTC). Figure 1 shows the structural diagram
of the circuit of a working borehole gamma-spectrometer {2].

The OLTC also includes in its communication line (armored logging cable KK of the type
KGZ-100-120 or KGZ-92-180), with a length of up to 12 km, a surface optimizing equipment OE,
providing the frequency characteristics of the OLTC attenuation, coinciding with the charac-
teristics of the Wiener-Kolmogorov filter [3]. This design of the OLTC minimizes the mean
square error, in the reproduction of the shape of the data signals from the scintillation
detection unit, from the presence on the cable of external interference, for which the spec-
tral strength density was previously experimentally investigated [4].

The use of this channel allowed the electronic circuit of the borehole instrument to be
simplified considerably; it consists of a pulsed spectrometric amplifier (PSA) with a low
amplification factor and a scintillation detector unit (SDU). The amplifier was made of

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 332-333, November, 1982. Origi- -

nal article submitted February 5, 1982.
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Fig. 2. Fragments of the spectrometric-
Y log tracings.

metal-ceramic tubes of the "nuvistor" type. The SDU was equipped with a high-voltage trans-
former (HVT) for the power supply of the photomultiplier (FEU). The detector unit was made
in the form of a thermostable (up to 180°C) scintillation unit, based on a monocrystal of

sodium iodide, activated with thallium (diameter 50 x 150 mm), and a specially prepared thermo-
stable FEU-151 [5].

The guard casing of the borehole instrument, with a diameter of 89 x 1800 mm, is made of
35KhGSA steel. The surface recording panel of the spectrometer is assembled from two field
amplitude analyzers SGSL-2, with detached counting error correction systems. One of the
analyzers is used in the active regime (amplifier and autostabilization system with variable
channel amplification). In the other analyzer, the main amplifier is disconnected, and the
differential channels are connected in parallel with the channels of the active analyzer.
The power supply of the equipment is effected from a universal UPI-K logging source.

In October 1980, the equipment was tested in operational conditions in the "Sputnik
SG-3" borehole. During testing, diagrams of the spectrometric y log (SGL) were recorded in
the depth range from 1.5-1131 m, simultaneously by an integral channel with an energy reading
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of 1 MeV, and by three differential "windows" in energy ranges corresponding to the charac-
teristic maxima in the y emission spectra of the natural radioactive elements (NRE) : “or
(1.3-1.6 MeV), RaC (1.66-1.9 MeV) and ThC" (2.35-2.9 MeV). Figure 2 shows fragments of the
tracings obtained. The recording of the traces was repeated, and the discrepancy between
the first and repeated recording did not exceed 3%.

From December 1980 to January 1981, y-spectrometric investigations were conducted in the
Kol'sk ultra-deep borehole. For the first time in world practice, a recording was made of
the traces from the spectrometric-y-logging equipment (SGL) at a depth of 6763-10,630 m,
with a temperature of the surrounding medium (drilling mud) of up to 180°C and a hydrostatic
pressure of up to 130 MPa. The recording was effected by raising the borehole equipment at
a rate of 100-125 m/h in a depth scale of 1:200 with a NO-15U4 photorecorder (PR). The
operating conditions of the surface part of the equipment were the same as for testing. Log-
ging cables of type KGZ-92-180 with a length of 11.8 and 11.9 km were used.

The characteristics of the spectrometer developed and the results of the measurements
in the Kol'sk ultra—-deep borehole permit this spectrometer to .be recommended for conducting
y-spectrometric investigations of the natural radioactive elements in deep and ultra-deep
boreholes, including the exploration and development of petroleum and gas deposits in thermal
boreholes.
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REMOTE CONTROL MEASUREMENTS OF IONIZING RADIATION FIELDS
IN BOREHOLES, BASED ON A FIBER-OPTICS CABLE

V. A. Andronov, V. I. Balaev, E. M. Dianov, UDC 550.3:535.23.08:621.315.2
A. A. Il'inskii, E. V. Karus,

0. L. Kuznetsov, E. V. Mishin, L. G. Petrosyan,

A. M. Prokhorov, and V. I. Pyatakhin

The efficiency of nuclear-physics methods for investigating the physicomechanical prop-
erties and element composition of rocks is universally accepted. At the present time, a
combination of procedures and equipment have been developed to a satisfactory degree for in-
vestigations in laboratory conditionms.

However, the results obtained in this way do not give a sufficiently complete represen—
tation of the properties of rocks in their natural occurrence. The reason is that when sam-—
pling and extracting a core sample, sludge, and fluid, the properties of the rock and the
liquid saturating it are changing, part of the samples during drilling—out is destroyed and
is not carried out to the surface. At the same time, drilling with core sampling is more
complex and is more expensive than coreless drilling. '

One of the routes for increasing the efficiency of geological prospecting operations is
the remote-controlled and high-speed determination of the properties and composition of rocks
in their natural occurrence, i.e., directly in the boreholes, with depths amounting to 5-10
km or more, by nuclear geophysical methods [l]. For prospecting mineral deposits, first and
foremost petroleum and gas, and for actively monitoring the exploitation of the deposits,
methods are used based on measurements in the boreholes of the parameters of ionizing radia-
tion fields, steady and nonsteady neutron fields, the y emission of natural radioactivity, -
inelastic scattering of fast neutrons, radiative capture of thermal neutrons, induced activi-
ty, and scattered y radiation. Gamma spectrometry, directed at the quantitative determina-
tion of the content of natural-radioactive and principal-petrogenic elements, is of parti-
cular importance.

The success in interpreting the results obtained depends on both the degree to which
the effect of the borehole conditions is considered and on the degree to which the borehole
measurements approximate the laboratory measurements. One of the problems of this approxima-
tion is the operative transmission of the measurement results, with minimum distortion and
losses, from the detectors located in the borehole equipment to the surface recording equip-
ment. For this it is necessary to remove the incompatibility between the volume of signals
received and the transmitting capacity of the available borehole telemetry channels, in con-
sequence of the extremely low pass bands of the communication lines — the logging cables.
For example, when recording the y emission of radiative capture in the case of the use of
a neutron generator with an output of 10’ neutrons/sec and a frequency generation of 400 Hz
at recording time delays of 0 <t <200 usec, pulsed integral loads for a ¥y quanta energy of
more than 100 keV amount to not less than 10° pulses/sec, which requires a cable pass band
of 1-2 MHz for scintillation spectrometry. The pass band for a 3-km cable with a fluoro-
plast insulator amounts, in all, to about 10 kHz. The problem mentioned is very urgent for
borehole geophysical instrument design, in view of the improvement of individual methods of
measuring the fractions of ionizing radiations, and in view of the combination of these mea-
surements with measurements from elastic oscillation, electromagnetism, and other fields,
with a constantly increasing depth of the boreholes being investigated.

It can be shown [2] that in the construction of borehole telemetry channels possessing
the required transmission capacity, it is most advantageous to be directed to the use of
linear telemetry channels using fiber light guides as the guiding structures for the elec-
tromagnetic signals.

Translated from Atomnaya ﬁnergiya,3Vol. 53, No. 5, pp. 333-335, November, 1982. Origi-
nal article submitted March 12, 1982,
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Fig. 1. Cross section of a
fiber-optic geophysical
cable: 1) steel armor; 2)
strong element; 3) light
guide; 4) current-carrying
core; 5) sheath; 6) poly-
ethylene covering.

By comparison with other types of guiding structures (dual-conductor lines, coaxial
lines, and waveguide lines of a surface wave), fiber-optic transmission lines have a number
of irrefutable advantages: a wide frequency pass band (from 20 to 2000 MHz/km, depending
on the type of light guide) with a low attenuation (10-0.2 dB/km); closure of the relative
effect of extraneous electromagnetic fields of noise and induction; potentially low cost (ab-
sence of expensive materials with the current tendency for improvement of manufacturing tech-
nology); small dimensions (diameter 0.1-0.6 mm) ; high thermal stability (base of light guide—
quartz glass with alloying additives); etc. The available domestic element base — modulated
light sources (semiconductor light diodes and lasers) and photocells (photodiodes, photo-
triodes) — allow telemetry channels to be constructed for transmitting data on a wavelength
of 0.85 and 1.05 ym. A specific experience has been built up in the exploitation of these
channels with fiber-optic communication lines with a length of several kilometers, designed
for analog transmission of signals with a dynamic range of up to 60 dB.

The telemetry channels, including the light diode, waveguide, and photodiode, have been
tested as part of a laboratory scintillation system for measuring y radiation enexgy spec-
tra. The total nonlinearity of the energy scale of the system in the range of y-quanta
energies of 0.122-4.43 MeV did not exceed 3%, and its energy resolution practically coincided
with the inherent resolution of the detector (13% with respect to '®’Cs) for an integrated
loading of up to 10® pulses/sec (at the .level of 50 eV) and a total attenuation in the light
guide of 30 dB. .

In order to achieve these advantages in using fiber light guides in borehole geophysical
data-measuring systems, it is essential to shield the fiber light guides in an appropriate
way in the construction of the load-carrying cable. It is well known that a geophysical
cable, when operating in a borehole, is subjected to the action of tensile loads, caused by
the mass of the borehole instrument and the clamps in the borehole. When the cable passes
through the roller pulley-balance at the head of the borehole and is stacked in rows on the
drum of the winch hoist, loads originate which cause its deformation in the radial direction.
The cable is operated in conditions of high hydrostatic pressure of the liquid in the bore-
hole (up to 100-200 MPa at the face) and at a temperature of up to 300°C. The tensile loads
and the elevated temperature lead to elastic stretching of the cable by 1.5%. These special
features, and also the existing manufacturing technology of geophysical cables, first and
foremost the cable armoring process, impose specific demands on the tensile characteristics
of the light guide. :

It was shown [3] that for a domestic fiber light guide with stepwise refractive index
over the cross section, an increase of the diameter of the .light guide up to 180 pym and the
choice of a polyamide covering with a diameter of 0.8 mm leads to an increase of the breaking
strength of the light guide of up to 3 kg (initially 0.9 kg). It was established by testing
these light guides in a high pressure vessel that the action of a hydrostatic pressure of up
to 50 MPa increases the light transmission losses in them by not more than 2 dB/km. Stretching
to breakdown of the light guides amounts to 0.5-1%. Designs of a fiber-optic geophysical
cable and the manufacturing technology have been developed so as to ensure their completeness.
Figure 1 shows a cross section of a cable with a length of 1000 m, with three light guides
and current carrying copper cores twisted around a strong element in the form of a steel wire.
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Fig. 2. Results of a y log of a reference borehole: a-c)
NaI(Tl) crystal with size 30x 70, 50x 100, and 50 x 100 mm,
respectively; calibration rate 1200, 1200, and 1500 pulses/
(minecm); T = 3.0 sec for all cases (in b and ¢, V = 350 and
210 m/h, respectively).

The bunched conductor so formed is covered with a layer of polyethylene at low pressure and
an armoring polymer sheath. The load-carrying armor of the cable is made from two counter-
wound swathes of steel wire.

It was established during measurements that secondary attenuation in light guides with
this construction of the cable did not exceed 2 dB/km for a breaking strength of the cable
of up to 58.8 kN and with a minimum radius of curvature of 0.15 m. The cable remains capable
of operation at least with a hydrostatic pressure of 78 MPa and a temperature of 100°C.

A treated experimental sample of a fiber-optic geophysical cable was tested in actual
borehole conditions, incorporated in a constructed data-measurement system for determining
the exposure dose intensity of natural y radiation — a borehole scintillation gamma radiom-
eter, The structure of the borehole measurement system and its principal characteristics
were similar to those considered above. A scintillation detector SP-2 with an NaI(T1)
crystal with a diameter of 50 mm and a height of 100 mm was used in it. The system also
included a junction unit for the hermetic insertion of fiber light guides in the cavity of
the borehole instrument, calculated at a pressure of 100 atm (1 atm = 101.325 kPa), and a
unit for taking off the optical signals from the cable ('optical collector"), providing con-
tinuity of measurements with movement of the instrument along the borehole.

During the borehole tests, the spectra of the natural y radiation at a depth of 130-290
m were recorded continuously, with a rate of movement upwards through the borehole of 350
and 210 m/h. Figure 2 shows a trace made by means of a standard RUR-1 radiometric equipment
(a), and also the primary (—) and duplicate (-~ --~) record of the measurements, made by
means of the equipment in the optical geophysical cable (b, c). The error of the duplicate
record is comparable with the statistical measurement error, and the corresponding measure-
ment instability amounted to 1.27%.
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Thus, the actual feasibility has been shown for constructing modern data-measurement
systems, based on fiber-optic communication lines, for remote-controlled nuclear-physics in-
vestigations of boreholes and for measurement of them in other physical fields.
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APPLYING SUMMATOR OPERATORS TO THE COMPUTER SOLUTION
OF THE INTEGRODIFFERENTIAL EQUATION OF RADIATION TRANSFER

V. I. Bilenko UDC 519.6.621.039.51

Consider the boundary problem of radiation transfer in a plane layer

o (=, A
N S LRI on)

1

[ YO

with boundary conditions ¢ (0, p=0 when p>0and® k, p)= 0 when p < 0,where pe {—1,4; A€ {0,4]; z¢€ [0, );
h=const < oo} f€ Cjpyand P is the desired radiation intensity; the physical meaning of the other
quantities in Eq. (1) is well known in transfer theory [1-4].

In the present work, on the basis of the results of [3, 5-7), a simple numerical—analyt-
ical algorithm to find approximate solutions of Eq. (1) is outlined. This algorithm, to a
certain extent, complements the investigation into the solution of the given problem outlined
in [1-4, 8-11]. The simplicity of its computer realization, the theoretical well-foundedness,
and comparison of the results of computer solution for a numerical example with the results
of calculations by other algorithms [8, 9] indicate that solution of Eq. (1) by the proposed
algorithm is expedient.

Algorithm. The scheme for constructing the approximate radiation-intensity function is
as follows:

1. By the substitution

i

PE@=1 (@45 | v na
b

(2)

the initial problem in Eq. (1) is reduced to the integral equatiomn

I .
e@=/ )+ | Edz—th e ar,
i

(3)

where E(-) is the integral exponent [3].

2. Approximating E(+) by means of any quadrature formula that is accurate for a con-
stant function [3, 8, 10, 11], i.e., setting E (:) = E, (-), where m is the number of quadrature
points, Eq. (1) is transformed, giving the equation '

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, pp. 335-337, November, 1982. Orig- ,
inal article submitted February 18, 1982.
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om =1 @+ | En(lz—t) om (ar. - )
0

3. According to [5-7], Eq. (3) is replaced by the operator equation

h
@ ) =Un s D 45 On [ { § Entlzr—th mn )y ], %)
-0

where ¢, is the solution of this equation; U is an arbitrary summator operator [7, 12] de-
fined by the formula

' N at N
Un(y: &= 2 v (@) 05 (@) =Un [y @)Hoys 2l VV€Cro,np (5)
i=
n
where n; (@) = za]—h w, (z) are standard generalized polynomials with respect to the system of
k=0

linearly independent functions {w,(@)}f—) = Cpo, 43 6, are certaincoefficients, 0<n<...<av<h,
dt
N = N(n).
4. The solution ¢p, of Eq. (4) is sought in the form of a polynomial

n df
Pmn (2)= Z cpwy (1), cx ==ck (m),
h=:0

(6)

the unknown coefficients {Ck}{cl =o of which are found from a system of linear algebraic equa-
tions of order (n+1) x (n+1), obtained from Eq. (4), according to Eq. (5) [7], by equating
the coefficients with linearly independent terms

h

ch=§ am [ 1)+ ﬁ‘, o (S Enm (2=t oy (0dt) |5 k=0, (7)
i=1 v=0 0

5. The approximate solutions Yp, of Eq. (1) are obtained from the formula

x
%’ S @mn () exp (__i;;t_) dt when u>0;
0

Ymn (T, p)= Pmn () when  -=q; (8)
h
S Pmn (t) exp (___tl—:c) dt when p < (.

m w

x

The theoretical basis of algorithm 1-5 follows from the results of [3, 5-7]. Thus, the
conditions for the existence and uniqueness of the solution of Eq. (7), and also for its
solvability, e.g., by the method of simple iteration, follow from the fact that the integral
operators T and Ty [3] in Eqs. (3) and (3a), generated, respectively, by the functions (ker-
nels) E(|x — t]) and En(lx — t|), and acting in the space Clo,h]» are totally continuous,
and the following inequalities are valid for their norms in a uniform metric [3]:

ITN<A<G I Tl <AL VmEN, (9)

For the error of algorithm 1-5 under the condition that the integrals in Eq. (7) are
calculated accurately, in view of Theorem 3.2 from [5] and according to Eqs. (6) and (15) of

[3], taking account of Eqs. (8), (3), (4), and (9), the following estimate may readily be ob-
tained for the more important classes of summators [5-7] in a uniform metric:

N (@ @) —=Pmn (2, W <cll @m (2) —~Un (Pms 2) ([ +2m, (10)

801

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010005-6




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010005-6
TABLE 1. Approximate Values of the Func-

tion (x)

Data of I?atéf Ofd Data of

Minin and |Kastl and ipedas [9]y

* |sobolev [Kalaba ~ P72 &%) [ @73(x)
n=3
(81

0 0,083 0,082559 | 0,082523|0,082516 | 0,082584
0,1 0,103 0,102958 |0,102920]0,102921 | 0,102973
0,2 0,123 0,122851 | 0,122789|0,122383 | 0,122914
0,3 0,141 0,140966 0?140914 0,140901 | 0,140962

where ¢ is a constant independent of m and n; and ep, error due to approximation of the in-
tegral exponent E(+) by the approximation Ey(+) in solving the initial problem in Eq. (1) by
the method of discrete ordinates (the Vik—Chandrasekar method (see [1-3], etc.).

Remark 1. Estimates of |y (z) — U, (: o), Vy€& = Cppy; for basic classes of functions &
and summator operators Uy are well known in the theory of approximation (see [12, 13, etc.);
the error ey was investigated in sufficient detail in [3, 10, 11].

Remark 2. Note that, in contrast to general projection methods (see [14, 15], etc.),
the present algorithmdoes not rest on the projection capibility (U; = Up) of the summator
operators employed.

Numerical Example. Algorithm 1-5 is realized in the form of computer programs in Anal-
itik and Fortran IV, written, as in [6], on the basis of program 2 of [16]. In this case,

the operators U, of the form in Eq. (5) are interpolation operators with the nodes X5 =

k(1 —cosjn/n) . R . . .
—5———»i=0,n, These operators allow the solution of Eq. (4) to be obtained in the form

of an algebraic polynomial

n
Pmn (2)= D} cn (m) (z—hi2)*, (11)
E=0
so that the integrals in Eq. (7) are accurately calculated. The function E(+) is approximated
in the programs according to the recommendations of [3] using the Gauss quadrature formula
on the segment (0, 1] with m = 3,7.

One example for the verification of the algorithm's efficiency is an equation of the
type in Eq. (1) with A = 0.5; h = 0.3; f(x) = exp (2x — 0.6)/8 (see [8], and [9], p. 94).

. Table 1 gives the results of solving Eq. (3), obtained by Sobolev and Minin by the meth-
od of invariant submersion (see [8], p. 94), and by the method of first-order combinations
[9], and also gives the values of the polynomial ©,, of the form g, (z) = 0.1127706 + 0.1946144
(z — 0.15) — 0.0472046 (z — 0.15)> and of the polynomial ¢,s. Analyzing the calculated resultsin Table 1l
and also those in Table 2 of [7], where m = 6 and n = 3,6, it may be concluded that algo-
rithm 1-5 allows sufficiently high accuracy to be obtained without too large a volume of cal-
culation. An important advantage of the algorithm is that the approximate value of the ra-
diation intensity of the initial problem in Eq. (1) is in simple analytical form.
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DURABILITY OF ZTL PIEZOCERAMIC UNDER THE ACTION
OF REACTOR RADIATION

V. M. Baranov, S. P. Martynenko, UDC 537.228.1:539.125.5.04:549.6
and A. I. Sharapa

Accoustical methods of analysis and monitoring are extensively used for investigating
and monitoring reactors [1, 2]. TFor this reason it is of practical interest to investigate
the change in the properties of piezoelectric transducers used in acoustical monitoring—mea-
suring devices caused by the action of reactor radiation on them. In this work we studied
the change in the efficiency of transformation of signals by plates made of ZTL-19 zirconium—
titanium—lead piezoceramic with a diameter of 9 mm and thickness 4 mm irradiated in a ver-
tical experimental channel of the IRT (MIFI) reactor. The flux density of thermal neutrons
was 1.9+10*® neutrons/(cm®*+sec), the flux density of fast neutrons was 1.2:10'2 neutrons/
(cm®ssec), and the intensity of the dose of y radiation was 420 W/kg. The temperature of
the specimens in the working reactor was 150°C. The irradiation regime was discontinuous,
including four cycles of continuous irradiation over five days, with stoppages of the reac-
tor for two, six, and two days between cycles.

For the studies, we prepared a setup based on a rod consisting of a zirconium alloy with
1% niobium with diameter 9.2 mm, length 190 mm, and with two identical piezotransducers.
fastened to the end faces in order to excite and record resonant oscillations of the rod.
The contact between the transducer and the rod is a dry contact, in order to exclude the ef-
fect of changes in the properties of the intermediate lubricating layer during the irradia-
tion process. The transducers are pressed to the end faces of the rod with a force of 1 N.
We excited the emitter with the help of a generator of high-frequency oscillations, and we
amplified the signals from the piezoreceiver and recorded them on an oscillograph screen.
As a measure of the working capacity of the transducers we used the electrical signal of the
piezoreceiver at resonance, which is valid assuming that the effect of the radiation flux
density on the zirconium rod is small.

We performed the measurements at three resonant frequencies, 73, 168, and 227 kHz at
150°C, which remain practically unchanged with time, indicating the insignificant, for this
investigation, change in the physicomechanical properties of the rod, piezotransducers, and
contact layer.

Figure 1 shows the results of measurements of the relative change in the amplitude of
the recorded signal; A, is the starting (prior to the beginning of irradiation) value of the
amplitude. The quite rapid decrease in the transduction efficiency during the initial period
of irradiation, which was approximately the same for all frequencies investigated, is evi-
dent. The threefold drop in the efficiency is attained with thermal neutron fluences~ (0.6-
0.8)+10'® neutron/cm® [the corresponding fluence of fast neutrons is (0.4-0.5)-10'°® neutrons/

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 5, p. 337, November, 1982. Original
article submitted February 22, 1982,
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Fig. 1. Relative change in the trans-
duction efficiency of a pair of piezo-
elements made of ZTL-19 ceramic during
irradiation in an IRT (MIFI) reactor
with resonant frequencies 227 (O);

168 (); and 73 kHz (A).

cm?, and the density of the radiation dose obtained was (1.4-1.8)+10° Gyl. These results
correspond well with the results obtained in the USSR and abroad for piezoceramics of a
similar class [3, 4].

t

Complete breakdown of the piezotransducers occurred after 400 h of irradiation, which
corresponds to thermal and fast neutron fluences of 2.7-1019 and 1.62+10'® neutrons/cm® and
an absorbed density of the y radiation. dose of 6.1.10° Gy (6.1-107 rad). The breakdown was
accompanied by a sharp drop in the electrical resistance of the piezoemitter circuit to 100-
200 ©, which made further measurements impossible. The reason for this phenomenon hase not
been established; it is possible that the fluoroplastic insulation of the electrical lines
breaks down. It should be noted that during long-term stoppage of the reactor (up to 6 days)
no changes were observed in the signal amplitude, which .indicates the actions of the integral
characteristics of the irradiation on the piezoelectric properties of the transducers.

It has thus been established that it is possible to reliably use acoustical, in parti-
cular, ultrasonic, piezotransducers based on the ZTL piezoceramic with thermal and fast
neutron flux densities 1.9+10*3 and 1.2¢10'2 neutrons/(cm®*-sec) up to thermal neutron flu=-
ences of 2.7+10'° and 1.62+10® neutrons/¢m®, respectively.
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RADIOACTIVE AEROSOLS IN VENTILATION SYSTEMS
OF THE CHERNOBYL'SK NUCLEAR POWER PLANT ‘

S. S. Chernyi and V. P. Grigorov UDC 621.039.58:541.182.2

Information concerning the basic properties of radioactive aerosols (dispersity, mass
concentration, etc.) is necessary in order to arrange an efficient system for cleaning air
and for estimating the radiation danger from aerosols. There is, however, practically no
information on the properties of aerosols in different ventilation systems of existing nu-
clear power plants. Results of investigations of properties of aerosols at a nuclear power
plant with VVER-440 are presented only in [1, 2], and such information for the first and
second blocks of the Beloyarsk nuclear power plant is presented in [3].

In this paper we describe results of investigations of the properties of radioactive
aerosols in ventilation systems of the first and second blocks of the Chernobyl'sk nuclear
power plant in 1978-1979, We collected samples of radioactive aerosols from air ducts of
ventilation systems in front of the aerosol filters. In order to determine the dispersity
of the radioactive aerosols, we used a six-cascade impactor, and in order to determine the
mass concentration and volume activity, we used the analytical AFA filters. After collecting
the specimens, we stored them for days.

Table 1 presents the parameters of the logarithmic normal distributions (LND) of the
activity and masses of particles according to their aerodynamics dimensions (medium diameter
d, and dp; standard deviation o4 and op), averaged over a large number of experiments.

Stcr, '*°I, and *®'1, as well as °“Cu, made the main contribution to the radioactivity
of the aerosols. It was found from an analysis of the experimental data that the short-
lived nuclides are related to particles finer (dg < 0.4 um) than long-lived nuclides, and
their radioactivity is determined primarily by 2°Rb and '®®Cs. The mass concentration of
aerosols in different ventilation systems was 2.1¢10"2-1.5¢10"% mg/m3.

D-23kl aerosol filters are used to remove aerosols from the air at the nuclear power
plant [4]. The efficiency of some aerosol filtering systems equipped with these filters was
calculated with respect to the volume activity before and after the aerosol filters. The
filtration efficiency for VTs-1AB, VTs-2A, and VIs-2A' constituted (for the last ventilation

TABLE 1. Parameters of LND of Aerosols
According to Aerodynamic Dimensions of Par-

ticles
LND parameters
Ventilation system
dd s pmy Ua dmr pum %m

VTs-1AB 0,6 2,4 1,8 3,1
VTs-2A 1,0 2,6 1,5 3,6
VTs-2B 1,1 2,2 — —_
VTs-2A° 0,7 1,8 1,2 2,7
VTs-2VE 0,5 1,7 1,8 2,7
VP-1 1,2 2.3 - =
VP-2 0,9 2,2 — —
VP-101 0,9 2.4 — —
VP'].OZ 017 212 - -
VP-8 078 213 - -
VP-9 1,3 2,2 — —
RTs 0,8 1,8 — —
Vertical ventilation| 0,8 2,0 — -

tube

Translated from Atomnaya énergiya, Vol. 53, No. 5, p. 338, November, 1982. Original
article submitted March 4, 1982.
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Inflow of Radioactive Aerosols
(including aerosol phase of iodine)

Ventilation |Fraction of | Ventilation |Fraction of
systermn inflow, % | system - linflow, %
VTs-1AB 20,4 VP-101

VTs-2A 174 VP-102 3
-VTs-2B 4.1 V-8 2,1
VTs-2A" 5,0 V-9 2,7
VTs-2VE 0,1 V-108 0,4
VP-1 15,3 V=109 0,3
VP-2 24,8

system, including aerosol trapping not only by aerosol filters but also by carbon filters)
99.3, 97.0, and 99.99%, respectively. It should be noted that emission of radioactive aero-
sols constituted 15-20% of allowable emissions [5, 6].

The inflow of radiocactive aerosols into the basic ventilation systems of the first and
second blocks was calculated from the experimental data on the volume activity of aerosols
for the first half of 1979 (Table 2). It is evident that the largest amount of aerosols
(with respect to activity) enters into the VTs-1AB, VTs-2A, VP-1, and VP-2 ventilation sys-
tems, while the least amount of aerosols enters the VIs-2VE system.

We thank our colleagues at the Chernobyl'sk nuclear power plant, A. N. Varbants, G. I.
Krasnozhen, and V. G. Perminov, for help in conducting the investigations.
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